ARTI CLE | NCLUDI NG ENVI RONVENTAL BARRI ER COATI NG
SYSTEM CROSS- REFERENCE TO RELATED APPLI CATI ONS

The present application clains the benefit of United
St ates Pat ent Application Nos. 60/775,206, 60/ 775,209
and 60/ 775,208 filed February 20, 2006, which are
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United States Governnent support under Contract

NCC3- 853 awarded by NASA; the Governnent has certain
rights in this invention. BACKGROUND

Enb o dCROSSREF ERNGE dSeRELAREPARPRIHCAGIGNS general |y
to an environmental barrier coating systemfor
protecting conponents exposed to severe environnental
and thermal conditions such as the hostile
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nes recogni ze hat I|mtat|ontothe ef ficiency
areegﬁlglrgﬁrg%rpgﬁggh%qe %‘C?urbl ne engines is the
tenperature capabili ty of nmetal lic conponents
(exanple, but not limted to bl ades, vanes, conbustor

l'iners) in the eng5OFERNMENT RIGHTS CLAUSE

This invention was made with United States Government support under
Contract NCC3-853 awarded by NASA: the Government has certain rights in this
invention.

BACKGROUND

Embodiments of the present invention relate generally to an environmental
barrier coating system for protecting components exposed to severe environmental
and thermal conditions such as the hostile environment present in gas turbine engines.
While the present invention were developed for application in gas turbine engines,
utilization in other devices is contemplatéd herein.

Designers of gas turbine engines recognize that a limitation to the efficiency and

emissions of many gas turbine engines ié the temperature capability of metallic

components (example, but not limited to blades, vanes, combustor liners) in the engine



hot section. Although thermal barrier coatings are
used to protect netallic conponents, thereby allow ng
the use of higher gas tenperatures the netallic
conmponents remai n a weak |ink. Si licon-based
ceram cs, such as SiC/ Si C conposites and Si 3N4
ceram cs, are prine candidates for hot section

nes, efit
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to operate at hi gher tenperatures than current
wealelifi-nes utilizing superal l oy conmponents. Hi gher
engi ne operation tenperature translates into )
sigitonthasad cpramios seah aaiSEsSin copbPsigsiand)Sidheeramics, are
i ncreased fuel efficiency. However, silicon
primé» agrtidates don hot seckon edrspendriteof §asoturbiag eagines.<dre banefit of
I n conmbustion environnents due to the volatilization
silicoofbaset icemmicangirzycomperents jsaheir Ehealenshigh $ergperiurant
drawback in the utilization of silicon-based ceramcs
mechahi@iSpHydical A% enghieabpropbrieeiwtich alldvegss iushine eagiiet to
identify techniques to limt/prevent the :
operat@lathighe? fimpttafire$inhh GofrehfeRfin&Liitlizing SubBrafibg th@ponents.
operat’ing environments. One technique I's to utilize
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envirton protection for silicoh-based ceram cs.
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: contajning substrate; formng a silica scale o :;]_t )

Therefers theregs ainesd torderiily tachaiqugs &o imytloreant ith‘FbV‘ﬂ@t' ization of

~ least one of an alkali netal oxide and an alkali .

silicopasrd weramics it aegingperaingsenvireamets. Onedeghnipee i te utilize
in said introducing the at |east one of an alkali

envirgemeahtabkadier evefings (EBKA thatguevide tha envigomestal prefectiopnior
the bond coat and wherein the content of the at | east

siliconsbmsell canaraick aCurrert EBCs xxoopriaad Fondatdad that pao\ides the
netal oxide in the bond coat is nore than zero wt. %

adheromdelopts tHehsubstr@tednd &4opcoat that proaicies tiekaaadronridntal protection.
second aspect of the present invention, there is

Embdédifieneiest the FRidepeinvention sioVilie £ HEV ehi M@oBvisud bR RmMental
containing substrate coated with a bond coat

barridrtoatisd BgstBH.| i te to an envi ronment suitable to cause
a silicta scale to formon the substrate; and creating
gaps in the continuous network structure of the
silica scale, wherein said creating includes the
i ntroduction of both an alkali nmetal oxide and an
al kali earth netal oxide into the silica scale.



In accordance with a third aspect of the present
invention, there is provided an apparatus conpri sing:
a silicon containing substrate having a surface; and
a nmullite bond coat doped with an alkali material or
an alkali earth material and aeplied over at |east a
portion of said surface® "n the content in the
dopant in the bond coat is nore than zero wt. % and

l ess than 10 wt. % In accordance with a fourth
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second phdse oxide is within the range of w. %t

at le&8& oMe of?an akali asstar 6iads andidnhalRalf et male@tld@fntb lth’e silica
present invention, there is provided an apparatus

scaleam whereldn irssaid lintoauciranthe ati least sunesdfraat alkbdkhwiatial axide and
surface; and a conposite mullite bond coat i ncluding

an aRshAsashdnetabokide adnse front thedwmedeqsh asd vderemn t’m@mdné@lt of
over said surface, wherein the bond coat is do

the afileast werofam aikalametaimme and ge il eartamedal |0>@c£ﬁ ¥rthe bond
metal oxid accordance with a sixth aspect

coat ¢y ”ﬂﬁ%ﬂﬂﬁ’b%@ﬁtwﬁ r(\’/éﬁfm%‘-?? thapellwi. s/"prow ded an
apparatus conprising: a substrate having a surface;
and a conposite nullite bond coat including BSAS and
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envi ronnental barrier coati ng prot ection for a

struchuresifitiné eilichschlee wheidiadiaitk oicating ndisded #at intreduction of both
aspects, benefits, and advant ages of the present

an alkplmeatal oxade ahdldn dlkaldeartappetakotidé irdonthdeilica scale.
description and figures provided herewith. WO
2007/ 098152PCTAI S2007/ 004355

In accordance with a third aspect of the present invention, there is provided
an apparatus comprising: a silicon containing substrate having a surface; and a
mullite bond cdat doped with an alkali material or an alkali earth material and
applied over at least a portion of said surface, wherein the content in the dopant in

the bond coat is more than zero wt. % and less than 10 wt. %.

In accordance with a fourth aspect of the present invention, there is
provided an apparatus comprising: a silicon containing substrate having a surface;
and a composite mullite bond coat including a second phase oxide other than
BSAS applied over said surface, wherein the content of the second phase oxide is

within the range of 0 wt. % to 50 wt. %.



BRI EF DESCRI PTI ON OF THE FI GURES - Fig. 1is an

illustrative cross sectional view of one enbodi nent

of an environmental barrier coating of the present

i nvention on a substrate, - "Fig. 2is a cross

: sectional - view of one enbodinent of a silicon / .

In acenrtiance with20ffth sspe@df heprsest kweation, there igjpjovided an

a cross sectional view of one_ enbodi nent of Si||§

apparatyg CPMPESiEgad sHiconcosidginggubsirate having g s aF@: gnda ComPOSlte
Cross sect I view of one _enb nt of i .

mulhtﬁmqnﬂt@a’razﬁgﬂne B Sp QMUY g Seedid Brdna ptife applied over

h 1 hr c at, 14
said §irte: et ind Biafi cbat Beeseduitbbfiataldy @"?th%ﬁ?% gnd an

/ reaction produced | ow el ting gl asses
alkahg%?tgrrﬁgt%%%g&rs at 1400C. Fig. 6 is a

_cross-section of a silicon/ (mullite + Na20 /
(Sc2Si 202+Sc203) coated Si C substrate after 400 hours

afn n%g’écﬁ@a%é RitAnesiRAAs et bffhd predest iRVERIA there is provided an
‘ compustion environnment (90% H20- bal ance 02)

apparatus _compnsmg. a substrate havmg a surface; and a compos:te mullite bond coat
includinrg BSAS and another distinct second phase oxide applied over said surface,
“wherein the bond coat is doped with both an alkali metal oxide and an alkali earth metal

oxide.

In one embodiment of the present application, a unidue environmental barrier
coating is provided to protect a substrate. Other embodiments include unique apparatus,
methods, devices, and systems to provide environmental barrier coating protection for a
substrate. Furthef embodiments, forms, features, aspects, benefits, and advantages of the
present application shall become apparent from the description and figures provided

herewith.

3a



WO 2007/ 098152PCM52007/ 004355 Fig. 7 is a cross
section of a silicon/ (rmullite + Na20) /

(Sc2Si 207+Sc203) coated SIC substrate. Fig. 8
j s section of a silicon/ nullite / <
C 4
W?Z{é@@% +Sc203) coated SIC substrate. P HUgs.zoogoo 355
is a chart illustrating various conponents of
envi ronnental barrier coatings. Fig. 10

illustrates various enbodi nents incorporating a

chemi cal barrier into multilayer environnental

barrier coating systens. Fig. 11 illustrates
one enbodi nent of a single, discreet Hf Sial cheni cal
barrier between the nmullite bond coat and the Yb25i 05

top coat. BREES.DESCRIFTION OF RHB RGEBRIES]I nent
i ncorporating HFSIiO4 in the bond coat (mullite + Si)
vi a nechani cal m xi ng.

Fig. 1 is an illustrative cross sectional view of one embodiment of an

environmental barrier coating of the present invention on a substrate.

Fig. 2 is a cross sectional view of one embodiment of a silicon / mullite+Taz05-

coated SiC substrate.

Fig. 3 is a cross sectional view of one embodiment of a silicon / mullite-coated

SiC substrate,

Fig. 4 is a cross sectional view of one embodiment of a silicon / mullite+Taz0s-

coated SiC substrate after 300 hours with 1 hr cycles at 1400°C.

Fig. 5 is a view of the silicon / (mullite+BSAS)/BSAS-coated SiC in which

BSAS/silica reaction produced low melting glasses after 300 hours at 1400°C.

Fig. 6 is a cross-section of a silicon / (mullite + Na;0) / (S¢;S8i,07+8¢:0,) coated
SiC substrate after 400 hours at 1318°C with one hour cycles in a simulated

combustion environment (90% HzO~balénce 079



WO 2007/ 098152PCT/ US2007/ 004355 DETAI LED DESCRI PTI ON
OF REPRESENTATI VE EMBODI MENTS For the purposes-
of pronoting an understandi ng of the principles of
wbb 7)393\@21“ on, reference will now be made t @4l 0704355
enbodi ments illustrated in the drawi ngs and specific
| anguage wi Il be used to describe the sane. It wl]l
neverthel ess be understood that no limtation of the
scope of the invention is thereby intended. Any
alterations and further nodifications in the
descri bed enbodi nents, and any further applications
of the principles of the invention as descri bed
herein are contenplated as would normally occur to
g Sisid treds bectidmeofar silidam Mmiuditie tiaiQ)V€8LiSHO,+5c:03) coated
rel ates. The present invention is directed to
SiC subBtrafet | ¢l e/ conponent whi ch can withstand an operating
envi ronment associated with, but not Iimted to, the
hot section of a gas turbine engine and/or heat
exchanger. The article is coated by an environnent al
rd ar. : il [ i
e L A R i
substr ter-vapor containing conbustion environment and/or
4% envi r onment containing nolten salts or CMAS
(cal ci um nagnesi um al um num silicate). The present
appl i cation discloses many things including, but not
limted to jnproving the durability.of nmullite bond
Ein B, crihbRAlipScatioks FEPEaHE St SRS taL ARG
. adher ence. Wth reference to Fig. 1, there is
coating$.| ystrated an illustrative cross sectional view of
an article 10a including one enbodi nent of an
envi ronnent barrier coating 11. The article 10a may
be any type of conponent/part/structure but is o
pigfidy ilstiates wariousigrmbediments ineopergiivgenehamiceidiasrier into
such as a conbustor |iner, blade, vane, and bl ade
multilayeaehvirofimeent M a20£ doadisg SgHEmsUS2007/ 004355 articl e
10a i ncludes substrate 10 and preferably the
substrate 10 is a silicon containing substrate.
However, the present application also contenplates

rs,rv@.,-ﬂi llieteles B¢ ambiclinemtstta Sh e, distreet HSIO, chemical barrier
silicon-containing substrate 10 nay be any :

betwesh HERDNELHERM BoNBREh8MH; S Bpicakt such as silicon

carbide, silicon nitride, silicon carbon nitride,

silicon oxynitride, and silicon alum num oxynitride.

The silicon-containing ceram c substrate could al so

A | ¥ . fl
B R N e R P SRR ROt (muiite
~ JRONL i phbers. The silicon-containing substrate

'FSﬂvﬁﬁekgﬁéﬁa%éﬁg?@rcon-containing netal alloy such as
nol ybdenum si | i con al | oys, niobiumsilicon alloys,
and other Si-containing alloys. The substrate may
al so be carbon fiber reinforced silicon carbide
matrix (C/SiC) conposites, silicon carbide fiber
rei nforced carbon matrix (Si C/C) conposites, carbon
fiber reinforced carbon matrix (C/ C) conposites, and
oxide fiber reinforced oxide matrix (oxide/oxide)
conposi t es.



In one formof the present invention a bond coat 16
is | ocated between the substrate 10 and a topcoat 22.
The bond coat 16 and the top coat 22 are included
i.thin the environmental barrier coating 11
w%";éog}g%g%% nventi ons contenpl ate an opti onal BSEEJ%%%Z\’PO‘BSS

(not illustrated) between the substrate 10 and the
bond coat 16. The optional bond coat may be silicon,
metal silicides or conbinations thereof. In one form
the content of the silicon is within the range of 1
w. %to 30 wt. % and in another formin the range of
10 wt. %to 30 wt. A). However, other quantities of
the optional bond coat are contenplated herein. The
present invention contenplates embodi ments wher ei n
ot her | ayer /coatin be utilized with 't
borRE BYAED] éEéﬁg&lPﬁ@l&bﬁf-} ng%ESWTATIVE EMBOD!MENTS
20071098152PCT/ US2007/ 004355 22. The environnent al
barrier coatings contenplated herein nmay be applied
by any conventional nethod, such as plasma spraying,
HRrRv®pugioses pf paseatingr arc esdarstandivp, of Bvbprimtiples of the
Details regarding the application of the coating(s)

inventiom, réferetichstill av@ by mabielts thecempedimeatd ijustratea it thearawings
of ordinary skill in the art and will not be set

and s;ﬁéﬁ'ﬂ&‘latij%ué@d‘wm be used40QUMchios thecsmhs ItNGI Heeeringidgstie

patents 5,391,404 and 5,496,644), / mllite

underé‘ioéﬂ tRath R IRt the Sc R sfthERivahtigh %@Féﬂ 1%@%&% Any

such as barium strontiumalum nosilicate (BSAS) (i.e

e ki s s
apphc%t?r? Sc?thﬁ"g?le’t Ri.ls%%tﬁé) m?/ P&jn s ?Qscﬁﬁ)leﬁ'h%'?aﬁtarré'%%ﬁgﬂated as

ose COG ICI en ermal expansl

wouid A BG4 5 8he BRlled 4T HErE e GERR v “%&“%Z%Sfon

tch and .c cal t|b l i re ideal conditi Lan
(B BreBgiidhton 1 AEetBR do B0ty BbERPESRIEY g WiRstand an
silicgon and a m xture rrulllte nd SAS has bee}p
099’3%!&/%!“6&9@6’%%%5%@99%& iPyk ned iy rtesﬁ tgt seclignyof a gas
durability conpared to nullite bond coat.
turbing/gPgNeangies heat exehangesy 1he agisleissioatas ugh enwreNnenal barrier
cracks under thermal exposure and | acks the cheni cal
coating dhatrie woe fom exists deg g vRiQusi aryirop@entsriaglufing a high
in long-termexposures in conbustion environnents,
temperataranaater-vappocortaioing ¢tenipetion snivisonreant arsiorean environment
readily travels through the cracks. Because of the
contaihimgknoifercésisi aral Magheaeiure maghesioat alumiraposiliagteac Kehe present

the interface, causing enhanced oxidation and
applicBli®Bibtibsed Mahyitieings irfd\&lis@aut et limited to improving the durability of
mullite bond coats by enhancing crack resistance and/or improving adherence.

With reference to Fig. 1, there is illustrated an illustrative cross sectional view of
an article 10a including one embodiment of an environment barrier coating 11. The
article 10a may be any type of component/part/structure but is preferably a gas turbine

engine component/article such as a combustor liner, biade, vane, and blade track. The

&



WO 2007/ 098152PCT/ US2007/ 004355 - Ml lite+BSAS
has superior crack resistance conpared to nullite,
however, BSAS reacts with the silica scale that forns
surface of the silicon-based ceramc

§2%%@§%n produces | ownelting reaction prodﬁbgﬁghﬁwmmyﬁ
whi ch have detrinental effects on the environnental

~ barrier coating durability. Firstly, the lownelting
products cause the devel opnment of pores and weaken
the interfacial adherence, |leading to the spallation
of environnental barrier coating. Secondly, the
| ow-nel ting products readily seep into pores and open
spaces in the environnental barrier coating,

article dehehdIOds s nktiake 10 Bad pedfefathuthat dubsirapEDisld &iliconf containing
the environnental barrier coating. Thirdly, the |ow

tHFe.J tidGeve? bkl fBsdHt APt HtioheAsd cantbipldies hOReMaén containin
substr I eadi ng tég thepquet e%?gr ation of the tpopcoat Anot her °

substr?%%ah*ﬂe §fl)’co'nsc%ﬁ?asﬁ‘f‘ngr%ubgﬁ atBUd b6 h SA?? ARBA-BABIinihS ceramic

hem cal reactiVity between nd t opcoat.
matengﬂ@{cﬂ acﬁhﬁmog'naéarqé@?%q éH?'ﬁnlgru%dQﬁ\%rY c&ﬁﬁﬂ%ﬁpﬁ@%lhcon oxynitride,

ar acterrstrcs
+
and S!t;rﬁuﬂl | i.t e+BSAS bon.

S EREA SN BTec Lot SURIEPETATIS or eflTs Reetiats papic aiso be
5‘|‘°°”f ”Pq?%ﬁtg%égarmgiﬁ%ﬁ Rty 'f%%%ft“ﬁ%s@%b#m%fs pfé?eqefs and

nperatures over 1300C. As the materials tec g}(
chopppqﬂ @gp@%wusﬁbmasw siisamredaiing sykstpls B %6 SHcon-
capability over 1300C are being devel oped. Ther ef ore,
contaiping metakeliny Sush @stmeBdearedison aflerss Mebiumg-siisan alieys and
durabl e at tenperatures over 1300C to take the full
other Sichamtainigg alibyndVessubstratgmayeripe bataarkoreibasaeiatpreed silicon
cer am cs. In one formthe present application
carbide snatiix ¢CIS0) tampogitesy siicprt tarbitier fater Ireinforesd ¢artbom ovadrrix (SiC/C)
coat by inproving crack resistance. Equation (1)

compitasscarben fibgr relrdoncal catborsmatrix (£/Cpedraposiie€, and oxide fiber
According to equation (1) key factors that affect the

reinfore€d bikide ﬁab@iw(ahdem&)d%@@&hgs&ie@ PCT/ US2007/ 004355
stress are thermal expansion m smatch, anplitude of

1|8 BRE &ty BPth@/rS‘fbéé‘r& ln\?é?ﬁioﬁ%%cﬁcéﬂiqw igfocated ﬂSE&ween the

coating. Therefore, coating thermal stress can

substrdteM 0ThAEY t n?fcodpzﬁ' el Mot &?atqgeérfd ok %‘;‘5 c@it th‘ 'ﬁr’éﬂﬁéluded
expansi on smatch an Young' s

within #PeA@nmental barrier coating 11. The present inventions contemplate an

optional bond coat {not illustrated) between the substrate 10 and the bond coat 16.

The optional bond coat may be silicon, metal silicides or combinations thereof. [n cne

form the content of the silicon is within the range of 1 wt. % to 30 wt. % and in another

form in the range of 10 wt. % to 30 wt. %. However, other quantities of the optional

bond coat are contemnplated herein. The present invention contemplates embodiments

wherein other layer(s)/coating(s) may be utilized with the bond coat 16 and the top coat



E, Cthermal = CacSC 1A1 (1- vc) (1) Wiere Dc =
t hermal expansion coefficient of coating Dsic =
t hermal expansi on coefficient of substrate

WO 2007/098152 PCT/US2007/004355

22. The environmental barrier coatings contemplated herein may be applied by any
conventional method, such as plasma spraying, EB-PVD, slurry-based processes,
CVD, PVD, etc. Details regarding the application of the coating(s) to the substrate are
betieved generally knﬁwn to one of ordinary skill in the art and will not be set forth
herein. |

Known bond coats inciude mullite {i.e. US patents 5,381,404 and 5,496,644), /
mullite + an atkalinefalkaline earth metal aluminosilicate such as barium strontium
aluminosilicate (BSAS) {i.e. US patents 6,485,848, 6,387,456 and 6,410,148). Mullite is
a 3A1203-28i02 compound and BSAS is a BaO-Sr0-Al;0;-Si0; compound with celsian
structure. Mullite has a ciose coefficient of thermal expansion match and excellent
chemical compatibility with silicon-based ceramics; the close thermal expansion match
and chemica! compatibility are idea! conditions for a bond coat. The bond coat system
cofnprising silicon and a mixture of muliite and BSAS has been developed that has
superior crack resistance and durability compared to mutllite bond coat.

Muliite has the tendency to develop through-thickness cracks under thermal
exposure and lacks the chemical adherence onto silicon-based ceramics. As a result,
in long-term exposures in combustion environments, the water vapor from the
combustion environment readily travels through the cracks. Because of the lack of
chemical adherence, the water vapor attacks the interface, causing enhanced oxidation

and premature failure of the coating.



Ol = tenmperature difference between hot cycle and
cold cycl e E.= Young's nodulus of coating 0. =
Poi sson's ratio of coating Si nce crack
pce of coatings is directly related

w@%&i@%sg hermal stress, it is noted that thép% }1%9 J7/004355
resi stance of the coatings can be inproved by
reduci ng the coefficient of thermal expansion
m smat ch and/ or Young's nodul us of coating. It is
proposed that the inproved crack resistance of
mul | i te+BSAS coating conpared to nmullite coating is
the result of reduced Young's nodulus, due-to the
addi tion of |ow nodulus BSA& In one form a |ow
MGe4BIRS HEs sepetidr 2fackaddistanoe Tompaest fomlise, however,
mullite coating on SIC, and was exposed to one-hour

BSAS!Ba&ERithae siiRg sdhielBAbierms bAARE sLfadk 6f thilsAiteflbased
conmbusti on environnent (90% H20-10% 02) . Wth

c:eramr c.%f FhRHeSchidh ﬂ::r'oﬂﬁceszioﬁﬁﬂeﬁmgtrE&Etﬁm‘ pﬁ'oﬁuéts' %ﬁié‘i‘\ fdvé Betrimental

npari son of the cross-section [icon
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cause g dBry paingn) ofres bt hessst t%%ﬁ%%"ia%ﬁﬁ%%%%fe@% padirto the
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silicon bond coat, the absence of sjilica scale,
seep iTiRPYRE RNGIOPEAAREEES It BRAVERNTEHt RRTEE ﬁ%@ﬂnsaﬁatwr?émg the
silicon/ nullite-coated SIC (Fig. 3) showed poor
thermahingidationcansadiilsy ahibe enyirevmgatn éarrl@y cpﬁtbﬂg J@gdtyf theraw
silicon bond coat and the formation of thick porous
meltingireactiwnguatiects react withithe topaoet desding & thedetarjoratiesn ef the
is illustrated a cross-section of silicon /
topcoatuAhother Ta2diity satie evitBitle: afuliie+BBASHmndcost isHthe chemical
cycl es at 1400C. Again, the coating maintained

reactidtydadtvesnh BOASIahd topcoeas iTheaa chemidab reactibns yaddiubily ghange the
and adherence. This is in contrast to the silicon /

physidailbhd tRe®al 6arBicferisticand thB nilite #BEINS! Rongiastiat.Ihe degeneration
severely delamnated with the formation of thick

of mulﬁ!éﬂB@ﬂ\SSSér'\&c@éttﬁce%%eB %‘t‘hﬁnﬁbaéﬁg@&nbé@nﬁr&agﬁé@mmg a
shown), and the (nmullite+BSAS)/BSAS-coated SIC (Fig

oo AN I e S o s o
1300°C. As the materials technology progresses, Si-based ceramics with temperature
capability over 1300°C are being developed. Therefore, the present inventions address
a need for a bond coat durable at temperatures over 1300°C to take the full advantage
of advanced high temperature Si-based ceramics.

In one form the present application is directed to improving the durability of the

bond coat by improving crack resistance. Equation (1) shows coating thermal stress in

a coated SiC. According to equation (1) key factors that affect the coating thermal



gl asses in the environnmental barrier coatings having

(mul i te+BSAS) bond coat severely limt the

envi ronnental barrier coating life at tenperatures

C. The present application contenpl .

Wg\gﬁ"g’“%%% 15 may include Si, mullite, BSAS, "%@%ﬁ‘}&g’,ﬁ"ms

RE2S1207, RE203, and conbi nations thereof. For the

readers assistance RE synbolizes the rare earth

el enents (Sc, Y, Lu, Yb, Tm Er, Ho, Dy, Th, Gd, Eu,

Sm Nd, La). Al though not as dramatic as Ta205,

significant inprovenent in coating durability was

observed with the addition of Yb25105. WD

2007/ 098152PCT/ US2007/ 004355 - The nodul us of

stress e Qlermal bepaveston miskhatcRaampiitudd 3DteGiierature bydlisg| aveYoung's
than that of nmullite (-150 GPa), however, the nodul us

moduldb of teccinh Thietéford, @obffi ficPhal SEE8 1R De mmimized &y
to that of nullite. This suggests that sone factors

- minim&?rgj m%%gb%iémwimaxﬁﬁas&m%rsh%ﬂ BAd i YB8ng's modulus of
I nproved durability of nullite nodified by adding a
coatin@econd phase oxi de. One possibility is that the
oating sinply becones tougher with the addition of a
second phase. The present application includes a
durabl e crack-resistant nul|ite coating nodified by
addi ng a secHn@hapﬁZ%e"Gﬁfr Wosi te mullite (1)
coating"), preferably | ow nodul &'s oxi des. The second
phase oxides include oxides, doped oxides and oxi de
conpounds of transition netals and rare earth
el ements. Preferred oxi des include Ta205 and
Ta205- cont ai ni ng oxi des, Nb205 and Nb205- contai ni ng
ohges, V02 and V02-contai ning oxides, Ti Q2 and
Ti 02- cturit Wiennalexpansgen coafigreni gl carti® cont ai ning
oxi ded)sidHt Ueroatiexp@Biooeeeficientpfeubsteate rare earth
oxi des1T FrempeiatgreStife@naa deVEED) hatmyicleand add cycle
oxi de-Hent@ing' siooaxlusaed coatied udi ng rare earth
si | i catesPoisbis fratis bf/caatingni cs, and conbi nati ons
thereof. Si may be added in the second phase to
further jncrease the bondi.ng, The ntent of the
Sbin sk asusanen et FaReds SiE e Up dratngtermal
than 100 wt.% 1In one formthe content of the secaond )
stresspi iisrotad that the crackrepistiEnca ) fhepgoalings cen begmpgpveshby| rgducing
anot her formthe content of the second phase oxide is _
the cogfficiank obtheangleexsransion migmatgn anf/ons ornRg's SerBies phreading. Itis
oxi de may be any conbi nati on of oxides |isted above.
proposed thatthe improves ¢rackresistehes pf mwibita+BSAR aoaling taepared to
second phase oxide is not defined by BSAS, and in
mulliteacrmtingris frer resoit of redymed Sttngappbidas i due toHbe addition of low
conbi nation of second phase
modulus BSAS. In one form, a low modulus oxide, such as Taz0s, was added in the

mullite coating on SiC, and was exposed to one-hour thermal cycling at 1316°C -
1400°C in a simulated combustion environment (80% H,0-10% O,).
With reference to Figs. 2 and 3, there is illustrated the comparison of the cross-

section of silicon / mullite+Ta,0s-coated SiC and silicon / mullite-coated SiC after 1000

10



WD 2007/ 098152PCT/ US2007/ 004355 oxi des i ncl udes at
| east one second phase oxi de in addition to BSAS. The
"conposite mullite coating”" may be conbined with the
tion of the mullite coating by dopi

Wd;?@%dlﬁ%nd al kali earth netal oxides. as setp ort%bﬂ(mﬁSq
U.S. Provisional Patent Application entitled Al akii
and Al akli Earth Metal Oxi de Doped Adherent Mu'lite
Coating. Further details regarding the mullite

. coating doped with alkali and al kali earth netal
oxi des are provided bel ow. The "conposite nmullite
coating" may be applied on the silicon-based
substrate by any suitable nethod including plasna

hrs angBeEYhrE Orespattivietyy @ath 1 hr cycldsmatardd 6t @rThe sitmonpt eadite+Ta0s-

i nvention provides for substantially higher

coated ST EFiGt 2 Raimeedd ékééﬂeHt@xlﬁaﬁldnh@s:@tdrﬁ%ﬂiérﬁba!@iatﬁl%%nd
second phase frommullite bond coat. Wth

adheréﬁéee£§8\ﬁ8?ﬁ&he WhelinfRdsificdh béﬁtﬁé@at%hb'ab@@n@@&ﬁéihda%bale and

aspects o present I nvention dlrecte

the iaém&%hﬂ&ltrﬁgctfé:'ﬁr Het Mth%ﬁhm ltind §|I|@&Fﬂmﬁﬁl?é-c$&ed SiC (Fig.

ns. to I nprove t

dh
B e
th t h bst r at Wh
and ”\?{}PW %#&F%ﬁ%%??qsg %f?iedeczra% (r:g\ Zr e eigosed to
h t t |
Siln ceferdrizeca i 4 there i€ Tspiiaing SORREEHAHES168P heen

the nullite and the substrate. The forma

it Oar cotees CrsaB 0P, NALKS WER 1 TSPz o S4B AGAT. the
adherence because it does not bond well onto.nullite

coatingesaidtainachexqeient axidationesistance. shamirelstawity apd ad herence.
scale, which is initially anorphous, eventually

This ig ineowitrashie the sificos ¥ abdiiteceatethBiS iplveden theansiflt@rmlhg geverely
i s acconpanied by a volunetric expansion, Ieadln%

delamiriaaskimith tod fdrivation aff thicknsticdhscaleatiei 30Gbows adfi400°C (no figure
coating durability. WD 2007/098152PCT/ US2007/ 004355

showr)Nafid SHeCthh@ite OB SAISAS ASebatled BiC dFigab) inestniti BS&SHsilica
oxides into silica creates gaps in the continuous

reactity® b¥ifuked Idw ﬁ{e\lﬁrﬁ_] §lBsSdd aftt- 300 Hohire BENEIDSCL Re low melting
properties of sillca such as reduction in viscosity.

glasse% hQMe ‘éh§i?@r§hér¥taﬁbér‘r;ﬁﬁc§§tﬁ‘1|g§ Ha®mgafiulllte KBS ASPboted &t severely

hus 1 nprove the adherence of the nullite bond coat.

fimit tﬂ%‘eﬁ\ﬂfcn%rfﬁiﬁ rﬁé‘reco%ﬁ G af tBMPRIORSs 6\)&?136@'@& Hey %resent
of ~ sl .

ICa SCale was re uced Ina controll ed manner

o S DA St
N Wi R
oG BBy Lo T AR B, m o

was doped with a sm of Li20 or -
La). AThawaBackes cigmateas dagan SAITENE YR STe 5 togyitd dybiity
wi t hout an additional silicon bond coat, showed
was obFeE Vit theRddiancf ed28iReabi 1 i ty when exposed to a
si mul ated conbusti on environnent (90% H20- bal ance 02,
1 hr cycling, 1300 -1400C). The inventor recognizes
that too nmuch of Li20 or Na20 in the mullite coating
is detrinmental to the durability because silica scale
with too low viscosity willqscause accel erated oxygen
transport, formation of pores and prenature coating
spal | ati on.



The upper limt of the dopant concentration depends
on the tenperature and the type of dopant. Small er
anmount of dopant is required at higher tenperatures
wOSHANSEsy i scosity decreases w th increasiNg pequs2007/004355
enperature. The content of the dopant is nore than
zero wt.%and less than 10 wt.% 1In one formthe
content of the dopant is within the range of 0.1 w.%
- 5wt./0. WD 2007/098152PCT/ US2007/ 004355
Since all alkali and alkali earth netal oxides are
net wor k- nodi fyi ng oxi des they all have simlar effect
in reducing the viscosity of silica. Therefore, all
common al kali and al kali metal oxides, i.e., Li?Z20,
Brrth mbddis oVIe0Kdhetwadh ~$1 0 GABadnd andd GRebivhighiiviosver than
thereof are contenpl ated as dopant in the present
that of MURBE ~A80 GPa)0ABwEPEMthel MEdIRR BN Fare®ariasiicate (RE,SIOs,
incorporated in netallic from i.e., Li, Be, Na, M,
REzsli@];)Sﬁgb % 609 %Fﬁu{l%@.ﬁﬂ%’% esfté)ftﬁ} a;&pﬁggato%@é?&&%e

coat to I NCr ease

oo AP o b 0 B i o
seconBae ST R4S o SO B e iy v
AT LS TRUIE LN, T AN e

. cross-section of silicon ./ (nmullite + Na2Q) ./ . .
resistard mullits epating miefified Ry aodite a?FenfiPha%ﬂleﬁgéa(Fﬂ"@ﬂaﬁe mullite
. hour cycles in a sinul ated_conbustion environment _
coating§oprafgrablydpw meedwys oxidee Ihe seePnd PRFRR PXides ipciyge @rides,

[ (Sc2Si 207+Sc203) coated SI C nai ntai ned excel | ent
dopedowiidies #nhoxide compeuads ehansiten petalapndirang eartp elements.
adherence as evidenced by the intact silicon bond
Prefereethbxideh ichkischan®s@ndsTdQaccoptaaniog cxidgst NbOaand §b20s-
chem cal reaction. On the other hand, the
contaibing\xides ¥CRERIN0Z-tS0i208n ozties] TSDCast GiBgcentaiming wades,
oxi dation of Si bond coat after the sane exposure.

ZrO, ﬁcﬂErOJc@Mniﬁgmf BifO aNE HIGs-coeRidimnogiies, tdre earth oxides
(mullite + Na20O) / (Sc2Si 207+Sc203) coated Si C and

(inc|uc§fﬁ%?&%ﬂ)§ b&d 9585 HArheE 89||3h 69@b%n§§iﬁin?fdxﬁfe53%lﬁng rare earth

W th one hour cycles in a sinulated conbustion

o Vi : 0, - ; gl ]
s GRS 4 bty Mg o b s

secondiftdse 1/ RrAR0 HPELHBBEHIRAP §hE AARRR of the second phase oxide

is more than zero wt.% and less than 100 wt.%. In one form the content of the second
phase oxide is within a range of 0 wt.% - 50 wt.%. In another form the content of the
second phase oxide is within a range of 1 wt.% - 30 wt.%.

The second phase oxide may be any combination of oxides listed above.
Further, in one form of the present invention the second phase oxide is not defined by

BSAS, and in another form of the present application the combination of second phase

12



7) maintai ned excellent oxidation resistance,

chem cal stability and adherence as evi denced by the

intact silicon bond coat, the absence of silica scale

ack of chemcal reaction. This is i -

W@%@F’E}%g# to the silicon / mullite / (Sczslzé’g;‘"’é%?%?“““s

coated SiC (Fig. 8) which showed poor oxidation

resi stance as evidenced by the | oss of the silicon

bond coat and the formation of thick porous scale.

This data denonstrates the effect of doping wth an

Al kali and Al kali Earth netal oxide. Chem cal

reactions occur at the bond coat/top coat interface

in long-term exposures and/or at very high

oxidestirtineeattieest drrel déOH. pHase wixidal in reditivhao BSA8, Jhtécomposite
‘ the chem stry of the bond coat and the top coat,

mun;tevmia%g'i ma?l%etdam@tﬂh@a @/ith Qb rmiddifEaE6H obfhe rﬁBlﬂiéacﬁiaﬂﬁé by doping
changes of environnental barrier coating |ayers, such

with alR&li ShE aIKBli eﬁﬂﬁ%’@t&l Stidids aéj@éﬁbhbhn U@Lliﬂé@as;otnﬁﬁpé'@ht

expansi on coefficient, etc. Theref ore is often
Apphc%t?cfd érﬂﬁlle@ AiQkil éﬁ@l hlatkn %ﬁag@! I?HEI?LDQ e r%ﬁﬁn%;%ﬁmh!llfy‘éoatmg.
Fu rthgraéertélfsrrﬁégfoﬁ aér H@'}e @%ag‘?\p%%%ﬁ %ﬂ%hpéig%llr]&‘fb%%aﬁ Q?rth metal

s e AL Y
Silcon PR S PHTE S SRl RO S Rg A %ﬂ%iﬁ‘rﬁgwﬁ%ﬁhmques

readily react with mullite form.ng E
dwn@mﬂ AP ARSES! inNaNten eravices e wb@mﬂﬁﬂe iohgF teyperature
coating properties and shorten the |ife. current
Capablﬁﬁ\ﬂu&)ﬁ@rﬁgﬁﬁﬁm"ﬁrﬂﬂl of B2 seerpst Merfg)@mﬁhﬁ?%?@d coat.
zirconia or hafnia develop a | arge coefficient of
iith redéreexpdmEigsnt and Beld,dheretwilibe deiscritbed agpacteeoftheEp@Esent
life by causing cracking and del am nation. W)
inventia @08 15 2REIOVUER the /d variBly of muliite bErt exat beinctrening dhe
conpatibility studies at 1500C showed that HfSias has
adhersitee|Oenineahe it daprovenhakohérenty ofva thating isidyecre&HhiSan
rare earth silicate, rare earth oxide-stabilized

[interpHEseGveen BlrtedaAmg H7Y thB sl ifte Ihatidnidaesl! drith both the coating
Sonme rare earth silicates (RE2Si 05 or RE2Si 207: RE =

and the! *éubét'rhteSWheWfﬁQII:@i@H‘étéﬁ%ﬁlbbﬁﬁbsé@ggﬂaﬁﬁbs are exposed to high
conpatibility with nullite, BSAS, rare earth

tempe@fb%@ §1ﬁ@fé+éié Sjov%é ﬁ‘Pf‘iH‘ thcﬂ{‘ﬁ’aée?ir feeSﬁHshformmg an interphase

e- st n| a. Besides t chem cal

betwe&?m%%bm elf ér‘ic}' the'@ﬁ?s@r%he %ﬁ?s%&tlo@nﬂ& ﬁ?g hg% Zsmé]?xﬁc%\%eever, is

coe Frcrent o rmal expansi

demm%@} e BRI TS Do

ul chem ¢ barrier can
the poe wwqrsme Pas%wﬂﬁﬁe e PR §Piny ¥ Il PR cuprtually
ermal, expansi smat ch str 9 illustrates .
transfayEe B G5 CORNBn IS BRI TY ITRITTP SBoPaTee B s etri
The top coat can be BSAS, Hf 1104, Hf 02, RE2SI 05,
exnanmsee@mg trerapking-giAng sgrigAndrife gstaromstionsgigoating durabilty.
conbi nations thereof, where RE = Sc, Y, Lu, Yb, Tm
Er, Ho, Dy, Tb, d, Eu, Sm Nd, La. The present
application further contenplates the conbinati on of
the RE materials. In one formthe total content of
RE203 in RE203-Zr02 and RE2Q3-H 02 is nore than 1
nol % and | ess than 20 nol % In a preferred formthe
content of RE203 in RE203-Zr02 and RE203-Hf 02 is 4
nmol % - 10 nol % The chem cal barrier can be
i ncorporated as a discreet |ayer, a graded |ayer, a
nmechani cal m xture with the bond coat and/or the top
coat, alternating nultilayers with the bond coat
and/ or the top coat, or conbinations thereof. Fig 10



WO 2007/ 098152PCT/ US2007/ 004355 coefficient of

thermal expansion m smatch strain in the case of a

hi gh coefficient of thermal expansion top coat

ed zirconia and hafnia). Alternati

W&%O%{)éé%rs shoul d hel p toughen the envi ron%gﬁfusﬁeumm‘"m

barrier coating by creating a conposite |ayer.

Fig, 11 shows an exanple of a single, discreet HSiO4

chem cal barrier between the nullite bond coat and

the Yb25i05 top coat, and Fig. 12 shows an exanpl e of

i ncorporating HFSIiO4 in the bond coat (nmullite + Si)

vi a nechani cal m xing. The environnmental barrier

coati ng mai ntai ned excel l ent environnental, chem cal

andodRAbA Bf akkkli dwatabar dlkali eanttsinetd] akidds mokllisa icceates gaps in

environnents (Fig. 11. 1450C, 1 hr cycles, 100 hr,

the coR@RE&RE-haorkOruchirg in $fca. 143@%haﬂ\?é§ trfényrbséme&%@mhéa such as
90%120- bal. 02). The benefits of the chemcal barrier

reduct'ild{'n lhhﬁs%%sﬁ%aﬂ%ﬁ Bﬁtyaﬁhrfé)iéa@é"’éan b& 1ikB% 5188 @ndfthid Bhprove

t he chem cal arrler makes the coating nore

the adhgfég\%g ok?)fhé)ﬁ'\‘ﬁ“‘?é‘{)hﬁ]@ {:Bﬁem 8@% %Jrﬁﬁ:ﬁétf&%?ré%@ﬂ{ fﬁ?entlon the

natio Op coat interface I'n

wosost o9 ohE RS B4 R AR HERE8) ol he i b
o AL oI BB MBS i o U

coat readily del am nates w thout the
dlscusésﬁﬁéﬁﬁ?\‘fs y. the pres%ép?*aaﬂ? ?uﬂmeniﬁf%@%ﬁ%ﬁ d&ﬁmgﬁgaﬁ%ﬁ coats
contenpl at es an apparatus conprising; a silicon based
discusged abpee s08 41 reference ey F'Qéi eI Pte’ AaNd FeScoat i ng
appl i ed over at | east portion of the ceramc
Jouleseremindimaot aetulide ;b@ad cot wae dpped with 2552l emeuiPf Li0
: contenpl ates the conposite coating includes mullite
or Na@n(lesEatbab 50Amto tAierT hesoned rofillitchengied SEhtwitippd withait @n
contenpl ates the conposite coating includes a second

additigiad siticoMBeb D 0FAtD BB EIGHIISAM0/7in0d3bd uabitiy. whert exposed to a
anot her aspect of the present application

simulztentemblLisi@serivienment 0% ¢ adsstante Deashr oyuiingf 130A206400°C).
and Ta205- cont ai ni ng oxi des, Nb205 and

The u'\\!%@é’rﬁeq&ﬁiéﬁ et D¢ Hash oVQ@Oémqua\z’@Zn ¢ Frivdliite BEating is
oxid 2 and Ti 02-contal ni ng oxi des, Zr02 and

detnm%ﬁp.ﬁto R L5 Qbeﬁﬁé %r!lcﬂs% 6 165 @ QQEéﬁtﬂwﬂ%ause
oxi des, rare e OXI rare eart
acceie?éﬂegeox&g% %W o nqﬁﬁm(dfrb%lré)éjéﬁ@ pfe?ﬁﬁu?eaééé?mg spallation.
ce
The upper limit of the dopant concentration depends on the temperature and the type of
dopant. Smaller amount of dopant is required at higher temperatures because viscosity
decreases with increasing temperature. The content of the dopant is more than zero

wt.% and less than 10 wt.%. In one form the content of the dopant is within the range

of 0.1 wt.% - 5 wt.%.
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Anot her form of the present application contenplates
a gas turbine engine conponent, conprising: a silicon
based ceram c conponent; and coating neans applied

w& YR odhsd east a portion of said structure f@pppsaoo70043ss
preventing the volatilization of said ceramc
conponent . Anot her form of the present
appl i cation contenpl ates an apparatus conprising: a
silicon based ceram c structure; and a nullite bond
coat doped with an alkali nmetal or alkali earth netal
oxi de applied over at |east a portion of said ceramc
structure. Anot her form of the present
application contenpl ates an apparatus conprising: a’
Sihdecaihalkalb aod atkali achoostpbmedss armmetacrumbiifng oxides they
coat doped wi th dopant means for reducing the

all havéi siBiPar dfiectin @idltifg thé\igtbsity aisilieat Tokrdfbre, pll esmimion alkali
application contenpl ates the dopant neans is defined

and all| ﬁ@tailbkﬁtas et ELOOBe@ kabo, Rgot K.0etab, sxddBaOYaid
anot her aspect of the present appllcatlon

comblﬁﬁﬁgotn@ %r%%ﬁﬁret &kﬁ"tgr‘ﬁp%?éd H?@Bﬁa re8€ntiMvéntion. In one form,

met al /or a?kall earth netal

the do%rht?rﬁﬁﬁpg‘?rico?fﬁ?a% |&"’]'ﬁ8f§ﬁ1i: ffgm iRE AT 8BS a4, rﬂ&pk'éﬁtspﬁnd Ba.

e ad on of si”l Tcon' bon

In anéggrufgfrur Pmaﬁgetq@egdpl org rgwﬁ.ilhgg]ﬁorl?ng&gégg furgwer mcrease the

.said silicon bond coat. WD
bondinthn7/ 098152PCT/ US2007/ 004355 Anot her form of t he

present appl i cation cont | at es .an a
rmbwgff ceatdnay E%ﬁPB%\%‘EEeQ‘S’@PHM‘%S@g&‘ 5 iﬂrqﬁ"ﬁ? and
bond coat applied over a portion of said cera

mullitsghoang caat cReenavgoasiags may kpppplied BoP L aheidore multe coating.

.bond coat; and a topcoat applied over said cheni cal
The dloaed inaullite coatlng maydiehesed a5 an oﬁerﬂm@@e@@@hng
~appl i cation contenpl ates an apparatus conpri si ng:
SNith esfardpasad Fae reame:resmtﬂastraeé1hacms+5|en’eorbohsjlimdt(muli!te +
a | ow nodul us chem cal barrier applied over said bond

Nazo)qqsbzswﬂ-azagmmoapwumdt WS Csmittrdond hatiomicles in a
SImulat:c; L;ggustlon environment (90% H20-balance Oy). The silicon / {mullite +
Na,0) / (S¢2Si,07+S8¢,03) coated SiC maintained excellent oxidation rgsistance,
chemically stability and adherence as evidenced by the intact silicon bond coat, the
absence of silica scale, and the lack of chemical reaction. On the other hand, the
SiMullite/Sc,Si,0.+Sc,04 coated SiC showed extensive oxidation of Si bond coat after
the same exposure. Figs. 7 and 8 compare the cross-section of silicon / (mullite +
Nap0) / (ScoSi,07+Sc203) coated SiC and SiMullite/Sc;Si,07+8¢,0; coated SiC after

300 at 1400° C with one hour cycles in a simulated combustion environment (80% H»0-

balance Oz). Again, the silicon / (mullite + Naz0) / (S¢28i,07+5¢203) coated SiC (Fig.
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Anot her form of the present application contenplates

an apparatus conprising: a silicon based ceramc

body; a mullite bond coat applied over a portion of

wd HeokghAm ¢ body; a topcoat; and barrier MaRfsingrenasss

appl'ied over said nullite bond coat and beneath sard

topcoat for preventing chem cal reaction and/or

del ami nation at the topcoat/bond coat interface.

Anot her form of the present application contenplates

a method conprising: form-ng a bond coat including

mullite on a silicon containing substrate; formng a

silica scale on at |east a portion of the substrate;

and introducing at |east one of an alkali netal oxide
7) mamfsinéd erddiiaht oxigatidh resistdncextitemical stabiliy ahidl ddherence as

scal e. Anot her aspect of the present application

evidert AR PEIBE IS dhd dbadahe abBbhaslondiing scafe @id thedatk of
one of an alkali netal oxide and an alkali earth

chemiE?ltr@hct?Bﬂ. &R 1CI0 T chhPaBt Wﬁ\ebé?%ncﬂﬁﬂﬁiteﬁr(%{]@{omwi) coated
6f thé present application contenplates the content
SiC (Fgé.kéaplﬁmi% sﬁcﬁﬁéﬂ% Fgﬁ@éa&@ﬂ. r@éiﬂ?g‘cg%ﬁfﬁkdéﬁéé@ By #I088 of the

o eart Int coat 1s " nore

T
o A T

coat is within the range of, 0.1 w. %to 5 w. %
Arlrmical reastiens egour ﬁéﬂ%rmoai'm peajiiigHace in long-term
contenpl ates that the bond coat includes a dopant in
exposhrgseand/f at vasy hish temperivesd 142PE) NEDvDirRbgagHeS may alter
wherein the dopant is selected fromthe grouP _ _
the cheonistrsof thg behdlcoat Beq theatopmgat. mvhickleads to dalgtepiguap@ysical and
conbi nati ons thereof. Another aspect of the present
mechaipalichahpes ot emtimmpiertal darfertcoating tdyers, suclodadhargal he
at | east one alkali netal oxide and an al kali earth
condugtivinl, dersitle mcdiudied, ¢hedredh| Expamsidrecapfiigntcetes Therefage off is often
L120, BeO, Na20, MO, K20, CaQ, Sr0, BaO and
desirsdY At tHy Geléfedbes theital Ractiaspestiveeh thé mypreteenaximize the
application contenplates form ng a second bond coat

envird?BiMhd-AEr HBRG lifd cARBRcLERJIRBYI00SR the Bhar®ImEntdicarrier

second bond coat "is selected fromthe group

coatinggﬁn%i/ BbiRgsiabred tolif@0de BBAG oSty &l88 anBbther material

nat1ons thereof. Another aspect of the present

coats@ag%é; GfilZe8% g?&\,\%?ﬁﬂle%ﬁétrétgf ng o) ddmdBare earth oxide

AUoUS n structure of the silica. Another

comnHRF 428 oh P RERS SORAL 0 SRR AR e reac it
A A e CA
LI S T
S-S L W T R ——

Anot her aspect of_the present application -

mismateh séa. 4mitingappI YERE e by SAVSIAD chfkNgfnd,deaBinatioRe
top coat and the bond coat. Another aspect of the
present application contenplates that the chem ca
barrier is selected fromthe group consisting of
Hf Si 04, RE2S105, and RE2S1202and conbi nati ons
thereof. Another aspect of {fie present application
contenplates that the chenmical barrier is a discrete
| ayer. Another aspect of the present application
contenpl ates that the chem cal barrier is a
mechani cal m xture with the bond coat. Another aspect
of the present application contenplates that the
chem cal barrier is a mechanical mxture with the top
coat. Another aspect of the present application



Anot her form of the present application contenplates

a nethod conprising: subjecting a silicon containing

substrate coated with a bond coat including mullite

P%@Bgﬁgyl ronment suitable to cause a sili C%cﬁ‘ﬁf’s'z&ﬁo&sas
ormon the substrate; and creating gaps in

conti nuous network structure of the silica scale.

Anot her aspect of the present application

cont enpl at es adhering the bond coat to the substrate.

Anot her aspect of the present application

contenpl ates the introduction of at |east one of an

al kali netal oxide and an al kali earth metal oxide
into the silica scale. Another aspect of the present
apgtehsiat ichemiantemphitis stutied at T5000C tshoweath&taif8iGyhas
al kali netal oxide and an al kali earth netal oxide

exceubﬁtféhénhreaﬁddmmbﬁ:ﬁ,aw\ nNRE 'BSABSRRE bafh slliggted Fzﬁé %rahh oxide-
appl i cation contenpl ates dopi ng the bond coat Wt
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2007/ 098152PCT1US2007/ 004355 i ncl udes applying a top

thermgaloatpaosien nmismabdnsiranadtig. Aillostratesaspeons compohents of
present application contenplates formng a chem ca

enviropenentaiibapédnmatingd) €ThHectod coabtarabd BSAS tHPiG0 &fO,, RE,SIO;,
Anot her aspect of the present application
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old containing substrate is deflned by a silicon
IAcontalnlng netal alloy. Another aspect of the present
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al kali netal OXIde or al kals, earth netal oxide in the
silica scale being fromthe dopant. Anot her
formof the present application contenplates a nethod
conprising subjecting a silicon containing substrate
coated with a nullite bond coat doped with an at

| east one of an alkali nmetal and an alkali earth
nmetal to an environment suitable for growing a silica
scale with gaps in the structure of the silica scale.



WO 2007/ 098152PCT/ US2007/ 004355 surface. Anot her
aspect of the present application contenplates that
the alkali material is an alkali netal oxide and the
W@Edﬁ dgSarth material is an alkali earth mebpalb Q%oH6usss
er aspect of the present application
conterrpl ates that the content in the dopant in the
bond coat is nore than zero wt. % and | ess than 10
w. % Another aspect of the present application
contenpl ates that the content in the dopent in the
bond coat is within the range of 0.1 wt. %to 5 wt.
% Anot her aspect of the present application
contenplates a silica scale on at |east a portion of
coeffictamt obthefraakexpandionmaisaiatcht steaigiin theacaseadfa higle Coefésient of
gaps in the continuous network structure of the
thermat iekpaesion Blpecoziisiubitizedisipmria afid hhmmig)r Allemiting multilayers
application contenplates that at |east one of an

shouldditdughhahe B lidshréstaPbarabkeddting Dyt dreaftiged c@ﬂﬁﬁé’@te layer.

pass into the silica scale. Another aspect of t
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templ ates that th cal er is sel
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RE2Si 207 and combi nations thereof. Another aspect of
- The barteétsridee sheminsl bawisr Uht?@éaﬁéﬁmpéﬁse@'emafpllqwe I thei ease of
contai ning substrate is selected fromthe group
Fig. 11¢ thresctenming! lefrriet imakes theoenadinginmeregobasti by, preeentingrcbeical
silicon containing ceranmic nmatri x conposites, silicon
reactionaaricdmdatgmingtieh aatheoyppanat/bandovatfinfecace & vérphighd
silicon carbide matri x conposite. Another aspect of
tempetdt@rexpsstiesdpp450°Q) ] lorthe easeohFiat €8, thbaifSidwcorumirent
in the dopant in the bond coat is nore than zero wt.

preventd thaNgkié@sisus BREMIKAI dactio bewttiembilitd &ed thenlditiles (&re earth

silica scale on at |east a portion of the surface;
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cont I nuous network structuré of the silica scale;
yein at |east one of an alkali netal oxide and an
ompo . . o
€ pWFﬁa earth nmetal oxide are passed into the silica
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present. application contenplates that the second
preseq@ﬁaahgcaaﬁn@ente@@ar%&hmmp@@%ﬁ?wg ipplyERe A sgepRtphaye
the present application contenplates that the content
of the second phase oxide is within the range of 0
Ww. %to 50 wt. % Anot her 1gspect of the present
application contenplates that the content of the
second phase oxide is within the range of 1 w. %to
30 wt. % Another aspect of the present application
contenpl ates that the second phase oxide is sel ected
fromthe group consisting of oxides, doped oxides and
oxi de conpounds of transition netals and rare earth
el ements. Anot her aspect of the present application



contenpl ates applying a chem cal barrier between the
top coat and the bond coat. Another aspect of the
present application contenplates that the chemi cal
' s selected fromthe group consisti
Wél?%im(%%h E2Si 05, and RE2S1207 and conbi nat i %%gﬁfszoommsas

t hereof. Another aspect of the present application
contenpl ates that the bond coat is adhered to the _
substrate; which further includes a top coat over said
bond coat; and wherein the content of the second
phase oxide is within the range of | w. %to 30 wt.
% Anot her form of the present application
contenpl at es an apparatus conprising: a silicon

oxide.cvat snoihevgaspabisof tat erésant agplication tanemmatds dhe oxide includes at
conposite nmullite bond coat applied over said

least dhdl faEBO; aat A abOsdoatiiing bribus!i Mig;Ca ahaad D dtmtaining oxides,
oxi de and doped with an al kali material or an al kal i
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application contenplates that the apparatus is a gas
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phase oxi de applied over said, surface. AFOt er ?,pe(:tf ,

appliegovehat isa%mmamf saiSteltlee MTABYStiDg thpypiatiization of said

anot her second phase oxide is selected fromthe group
ceramigornRANGfy of oxi des, doped oxi des and oxi de

conmpounds of transition metals and rare earth

dratheniomm ahthehgnesasirnanlication ¢cantemplotas aragppar@aﬁ aamprising: a

contenpl ates that the another second phase oxide is
silicondedsed toedarhicastruthee garatip nudits ibehi rgabdopea@h andlkali metal or

1a205- cont ai ni ng oxi des, Nb205 and Nb205-cont ai ni ng
alkali @actiteetal WRideappliv 2veoat laast portinh dé said Cet@miaradructure.

Ti 02- cont ai ni ng oxi des, Zr02 and Zr02-contai ni ng

Qi giesy fohth %t@ﬁeb@%ﬁﬂsﬁéﬁbﬂdﬂembla@an aBRrat@ comprising: a
earth oxides (including Sc203 and Y203) and (RE) rare
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l'icates) famly ceramcs, and conbi nations
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rrpl ates t bond ped W
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contenplates that the top coat is selected fromthe
applieg0g.al Ieash @ parion obthemsgniogtrHctyre, ﬁcbt%e RS end coat is
RE2S1207, RE203, RE203-Zr02, RE203-Hf 02, and
applied owBr said isdisen bREA&ERL. Anot her aspect of the present
appl i cation contenpl ates applying a chem cal barrier
bet ween the top coat and the bond coat. Another
aspect of the present applijgation contenplates that
the chem cal barrier is selected fromthe group
consi sting of Hf S104, RE2Si 05, and RE2Si 207 and
conbi nati ons thereof. Anot her form of the
present application contenplates an apparatus
conprising: a substrate having a surface; and a
conposite mullite bond coat including BSAS and
anot her distinct second phase oxi de applied over said



and an alkali earth netal oxide. Another aspect of
the present application contenplates including a top
coat over said bond coat. Another aspect of the
pplication contenplates that the t

ﬁﬁct ed?fromthe group consi sting of BSAS, % %Wh&sss
FWCZ RE2Si 05, RE2Si 207, RE203, RE203-Zr02,
RE203-Hf02, and conbi nati ons thereof. Another aspect
of the present application contenplates applying a
chem cal barrier between the top coat and the bond
coat. Anot her aspect of the present application
contenplates that the chenical barrier is selected
fromthe group consisting of Hf SiO4, RE2Si 05, and
RindSie2 @drnaofitheprbserdtapplicativheetdmplates an dppraes coopmising:
of the present application contenpl ates an apparatus

a silicdiPBaedSdetghicddypatmaiite dtmdi ddat apsiiedfdeea ptortof said ceramic
conposite nullite bond coat applied over said

body: 5%&‘?‘&%1 baie aPoid tEJ@tsalcf‘r'ﬁhm@ BShcPcRRCaitfa Rbseat applied over
and doped wth an al kali material or an al kal |
[ aI WO 2007/ 098152PCT/ US2007/ 004355
said Cﬁﬁ%ﬁi m%%{m of the present application contenpl ates

P 2orh, e R et R BBl fbdaug cpmprising: a
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surface; and a conposite nullite bond coat including . .
é*r@éh%rﬁfernpﬁfaf@@ regseMe appheationrontemplales i) prrpr8lE compnsing: a
said surface. Wiile the invention has been .
siliconibiased cewanrid bady: aleudite bend caalraried avar & wertinnaafisaigsceramic
and foregoing description, the sanme is to be
body; & torsiodt raad Hdrtiergneans applieddoveo saidasuliiiechandecdat and beneath
character, it being understood that only sel ected
said topobatdonereventiray ehdmiea! ieaotion amdioddslamikatinaidhe topcoat/bond
all changes, equivalents, and nodifications that cone
coat intértdden t he scope of the inventions described herein
or defined by the followng clains are desired to be .

RINRLRG ¥6fh ofiRE (REHSH APpNESionSddesrh pRfdsd nmadmécﬁﬁpraswﬁg
experimental results provided herein are intende

forming@ Banc st MuANGmUlite Opraesiiqnn ﬂiqmﬂmcﬁwbaﬁﬁeﬁesf%mm a silica
scale 6?9& EQSst‘??@r‘hBH%@ tﬁé’sﬁt?}é?ﬂa’ie %rndrlﬁﬁéddc‘?ﬁ éthéaétrﬁf'%rﬁf'a@trhlkah

eor ani S per ati on,
metal @rn@@fand an Flkalicgarth mteéal@w dnigithe |5§fcan§§afe ﬁaoﬁh@r pspact of the

presen“?gpﬁrcﬁa?igﬁg%g{éﬁﬁﬂﬁ Wh{f&m lhggg‘éﬁ ‘:.?L?R}ﬂé p%qét' I;Qé‘st%'?wg dfSin
atkali mami bxids actd anrmmlyearﬂemmlmcrdeo:fommﬁromﬂherbonprcmet Amther

aspectfffie Brsenf aBSEaURf <oyt Tus SN 6F afBasfens gfer

alkali rhétaepgiesd ah@ ani dTkali éik@h fricth ! xideCinding kboln;dfl eoattie mataltiesszero wt.
ur

speci fical stated to the contrar
% andiipgs qhaﬁg@agq% Y. aenpt@ag@sae%&? fheom%ﬂfoﬁnﬂ“cataorb%qfttwaﬂiafes that
the cohténP&e(ﬂe at st bﬁé'ﬁ? aHBa‘Ikdlﬂﬁétﬁfi@mée BAB ta'n%ka?ﬂ%rﬂ{ mERe oxide in

entire 1temunl ess SpECI i cal é stated to the
the boodroatde yithimthegangaof Agpwt data Biwt. Huhnatben appest of the present

appluc@%&?@tgtéﬁ@%&%t&gt I BorPSHETRMudeS d BSHRH 2hGdalE &)

20



CLAIM5 1. A nethod conprising: formng a bond coat
including mullite on a silicon containing substrate;
formng a silica scale on at |east a portion of the

Wé?@%gﬁ i ntroduci ng at | east one ?E 07,004335
rret al oxide and an alkali earth neta OXI
into the silica scale; and wherein in sald

introducing the at | east one of an alkali netal oxide
and an al kali earth netal oxide cone fromthe bond
coat and wherein the content of the at | east one of
an al kali netal oxide and an alkali earth netal oxide
in the bond coat is nore than zero wt. % and | ess
than 10 wt. % 2. The nmethod of claim1l, wherein the

wherefroiieadtpant istdeteotdd fromsthe gneumEomaistimghkafILi, Baeﬂ\w Mg(ilﬁ@a, Sr,

ot S S B e TR iy ol b o oh

contemplates that in said introducing the at least one alkali metal oxide and an alkali
earth metal oxide is selected from the group consisting of Li,O, BeO, Na,0, MgO, K0,
Ca0, Sr0, Ba0 and combinations thereof. Another aspect of the present application
contemplates forming a second bond coat between the substraie and the bond coat,
wherein the second bond coat is selected from the group consisting of silicon, metal
silicides and combinations thereof. Another aspect of the present application
contemplates forming gaps in the continuous netwerk structure of the silica. Another
aspect of the present application contemplates adhering the bond coat to the substrate.
Ancther aspect of the present application contemplates applying a top coat over the
bond coat. Another aspect of the present application contemplates that the top coat is
selected from the group consisting of BSAS, HfTiO4, HfOz, RE;Si0s, RE2S51207, RE2O;3,
RE;05-Zr0,, RE,0;:-HfO;, and combinations thereof. Ancther aspect of the present
application contemplates applying a chemical barrier between the top coat and the
bond coat. Another aspect of the present application contemplates that the chemical
barrier is selected from the group consisting of HiSIO,, RE;SiOs, and RE28i;07 and
combinations thereof. Another aspect of the present application contemplates that the
chemical barrier is a discrete layer. Another aspect of the present application
contemplates that the chemical barrier is a mechanical mixture with the bond coat.
Another aspect of the present application contemplates that the chemical barrier is a
mechanical mixture with the top coat. Another aspect of the present application
contemplates that at least one of an alkali metal oxide and an alkali earth metal oxide is
from a dopant in the 'bond coat. Another aspect of the present application
contemplates that the dopant has an initial content of greater than 0.0 wt % and less
than 10 wt. %. Another aspect of the present application contemplates that the dopant
has an initial content of greater than 0.1 wt % and less than/or equal to 5.0wt. %.
Another aspect of the present application contemplates that at least one of an alkali
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The method of claim1, which further includes formng
a second bond coat between the substrate and the bond
coat, wherein the second bond coat is selected from

consisting of silicon, metal sili =
W&Q@ol nat1ons thereof 4. The nethod of cl ai %ﬁ%\/\ﬁ%ﬁ:ﬁb
further includes form ng gaps in the continuous
network structure of the silica. 5. The method of
claim1, wherein said form ng adhering the bond coat
to the substrate. 6. The nethod of claim1, which
further includes applying a top coat over the bond
coat. 7. The nethod of claim6, wherein the top coat
is selected fromthe group consisting of BSAS,
metal gﬁggg(s%d |_'?if‘rlg ﬁél'Rall %aﬂﬁh%al dRERSEs 28R CtdEROS, thé&ﬁm M%ﬁng of LizO
and .co |nat 0 reof
and NarG o RRPHISE SSRRFICH Ire,PSFept STRICBUE ST plaigs foring aps in the

conhnﬁB@é‘hé@or@@fr&étﬁfe Qﬁh%ﬁi&at\hﬁuch PPt ancladsh 4heyibe ladop coat
coat. 9. The nethod claim8, wherein the che

over theppne poatswﬁéreemrwatfleesh QﬁfPeOfg”rbelba'b@ﬁEﬁ[ §t“|dﬁg'a"é’fa“ n aikaii earth
et 35 8o B 30 5P O BB 0 e
applicatiencoabmiptates that the domphrd deevecdnigndrof greater than 0.1 wt % and
less than/or equal to 5.0wt. %. Another aspect of the present application contemplates
that the silicon containing substrate is selected from the group consisting of silicon
containing ceramic, reinforced silicon containing ceramic matrix composites, silicon
containing metal alloy and carbon fiber reinforced silicon carbide matrix composite.
Another form of the present application contemplates a method comprising:
subjecting a silicon containing substrate coated with a bond coat including muliite to an
environment suitable to cause a silica scale io form on the substrate; and creating
gaps in the continuous network structure of the silica scale. Another aspect of the
present application contemplates adhering the bond coat to the substrate. Another
aspect of the present application contemplates the introduction of at least one of an
alkali metal oxide and an alkali earth metal oxide into the silica scale. Ancther aspect
of the present application contemplates the introduction of both an alkali metal oxide
and an alkali earth metal oxide into the silica scale. Another aspect of the present
-application contemplates doping the bond coat with a dopant having a content greater
than 0.0 wt % and less than 10 wt. %. Ancther aspect of the present application
contemplates that the dopant is selected from the group consisting of alkali metal oxide,
alkaii earth metal oxide, Li, Be, Na, Mg, K, Ca, Sr, and Ba. Ancther aspect of the
present application contemplates that the dopant is selected from the group consisting
of Li»0O, BeQ, Na:0, MgO, KoC, Ca0, 8rO, BaD and combinations thereof. Another
aspect of the present application contemplates forming a second bond coat between
the substrate and the bond coat, wherein the second bond coat is selected from the
group consisting of silicon, metal silicides and combinations thereof, and which further
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bond coat. 12. The nethod of claim8, wherein the
chem cal barrier is a nechanical mxture with the top
coat. 13. The nethod of claim1, wherein the at

e of an al kali netal oxide and an al
ng&%égsq oxide is froma dopant in the bo%g‘}dszougmms

14. The met hod of claim 13, wherein the dopant has an
initial content of greater than 0.0 wt % and | ess
than 10 wt. % 15. The nethod of claim 13, wherein

t he dopant has an initial content of greater than 0.1
w % and less than/or equal to 5.0m. % 16. The

nmet hod of claiml1l, wherein the at | east one of an

al kali netal oxide and an alkali earth netal oxide is

mcludé@é T%;ﬁgl aftbﬁ EbhiEvelthe BoR@ R4S tArIhsH aspedPofane pms%@t
e nmet of claim11, which further includ

apphcatmnrﬁqm@ergala?& fﬁrmws T GhAMGALARTIRERSWERN $1 BeRdFeatand the top
coat. AhGhst Eéﬂ‘e%t of the present application contemplates that the chemical barrier

is selected from the group consisting of HfSiO4, RE,Si0Os, and RE2Siz07 and
combinations thereof. Another aspect of the present application contemplates that the
silicon containing substrate is defined by a silicon containing ceramic. Another aspect
of the present application contempiates that the silicon containing substrate is defined
by a reinforced silicon containing ceramic matrix. Another aspect of the present
application contemplates that the silicon containing substrate is defined by a sificon
containing metal alicy. Another aspect of the present application contemplates that the
silicon containing substrate is defined by a carbon fiber reinforced silicon carbide
matrix composite. Another aspect of the present application contemplates adhering the
bond coat to the substrate; wherein said creating includes the introduction of at least
one of an alkali metal oxide and an alkali earth metal oxide into the silica scale; which
further includes doping the bond coat with a dopant having a content greater than 0.0
wt % and !ess than 10 wi. %, wherein the alkali metal oxide or alkali earth metal oxide
in the silica scale being from the dopant.

Another form of the present application contemplates a method comprising
subjecting a silicon containing subsirate coated with a mullite bond coat doped with an
at least one of an alkali metal and an alkali earth metal to an environment suitable for
growing a silica scale with gaps in the structure of the silica scale. Another aspect of
the present application contemplates adhering the bond coat to the substrate; wherein
the dopant is within a range between 0.0 wt. % and 10.0 wt. %; and which further
includes introducing at ieast one of alkali metai oxide and an alkali earth metal oxide
into the silica scale;

Another form of the present application contemplates an apparatus comprising:
a silicon containing substrate having a surface; and a mullite bond coat doped with an

alkali material or an alkali earth material and applied over at least a portion of said
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whi ch further includes applying a top coat over the
bond coat ; wherein the at | east one of an
al kali metal oxide and an alkali earth netal oxide is

Wérﬁ(gﬁq)ﬂébigz?pam in the bond coat. 18. The ne&,ftgg}gii]rsg%}gmel}rﬁss

wherei n the dopant has a content
than 0.1 wt % and | ess than/or equal to 5.0m. %
19. The method of claim 17, wherein the silicon
contai ning substrate is selected fromthe group
consi sting of silicon containing ceramc, reinforced
silicon containing ceramc matri x conposites, silicon
containing nmetal alloy and carbon fiber reinforced
silicon carbide matri x .conposite. 20. A nethod

surfacBO AMokfEr¥8pect of the p%ﬂﬂn@ﬁppil&tlw &bhtéﬁ@hté@ﬂiaﬁtkﬁé ﬁlgall material
substrate coated w a bond caqat i ncl udi ng
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the bond coat is more than zero wt. % and less than 10 wt. %. Another aspect of the
present application contemplates that the content in the dopent in the bond coat is
within the range of 0.1 wt. % to 5 wt. %. Another aspect of the present application
contemplates a silica scale on at least a portion of the surface; and wherein the silica
scale includes gaps in the coﬁtinuous network structure of the silica scale. Another
aspect of the present application contemplates that at least one of an alkaii metal oxide
and an alkali earth metal oxide pass into the silica scale. Another aspect of the present
application contemplates that the bond coat is adhered to the substrate; which further
inciudes a top coat over the bond coat. Another aspect of the prasent application
contemplates that the top coat is selected from the group consisting of BSAS, HfTiOs,
HfQ2, RE2Si0s5, REZSi:07, RE20;, .REQO;;-ZFQz, RE»03-Hf0», and combinations thereof.
Another aspect of the present application contemplates including a chemical barrier
located between the top coat and the bond coat. Ancther aspect of the present
application contemplates that the chemical barrier is selected from the group consisting
of HfSiC4, RE2Si0s, and RE2Si>07 and combinations thereof. Another aspect of the
present application contemplates that the silicon containing substrate is selected from
the group consisting of silicon containing ceramic, reinforced silicon containing ceramic
matrix composites, silicon containing meta! alioy ard carbon fiber reinforced silicon
carbide matrix composite. Another aspect of the present application contemplates that
the content in the dopant in the bond coat is more than zero wt. % and less than 10'wt.
%:; which further includes a silica scaie on at least a portion of the surface; wherein the
silica scale includes gaps in the continuous network structure of the silica scale;
wherein at lsast one of an alkali metal oxide and an alkali earth metal oxide are passed
into the silica scaie; wherein the bond coat is adhered to the substrate; and which
further includes a top coat over the bond coat.
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wherein said creating includes the introduction of
both an al kali metal oxide and an alkali earth netal
oxide into the silica scale. 21. The nethod of claim

w6 %0 gh further includes adhering the bongc¢
t% )Qél}ibstrate 22. The method of claim 21, %@?5001”5‘34335

further includes doping the bond coat with a dopant
having a content greater than 0.0 wt % and | ess than
10 wt. % 23. The nmethod of claim 22, wherein the
dopant is selected fromthe group consisting of

al kali nmetal oxide, alkali earth netal oxide, Li, Be,
Na, My, K, Ca, Sr, and Ba. 24. The method of claim
23, wherein the dopant is selected fromthe group

Mhsr:jfon'g obfhe@@@entmjicmom@@plamom apyirafis@Gomprising:
- ... BaO and. co |onst er eof .. 5. The .neth f
@ siicql] SPTAID SRS CPLF SPHarAR 3 cPmPRy e Biedend cost
includ?\i«%@sé&% d?@%é%ﬁmetdiﬁeﬁhbﬁwsapﬁlibd&\%rblidobmﬁaé Another
erein the second bond coat is selected from
eaqﬂ;e is a low

aspectpldhip peeyastt appination canempiates fgatdne seeend phas

modulﬁQ EPid%ﬁgﬂlr%r&t?eorlto gl?cgf é(\/éé‘?ijeﬁ‘?ﬁ't Egplgﬂéﬁbﬁ‘ 8bnteRipidtdSthat the
content of the second phase oxide is within the range of 0 wi. % to 50 wt. %. Another
aspect of the present application contemplates that the content of the second phase
oxide is within the range of 1 wi. % to 30 wt. %. Another aspect of the present
application contemplates that the second phase oxide is selected from the group
consisting of oxides, doped oxides and oxide compounds of transition metals and rare
earth elements. Another aspect of the present applicatidn contemplates that the
second phase oxide is selected from the group consisting of Ta205 and Taz0s-
containing oxides, Nb,O; and Nb,Os-containing oxides, VO; and VO,-containing oxides,
TiO; and TiQ,-containing oxides, ZrO; and ZrO»-containing oxides, HfC:z and HfO,-
containing oxides, rare earth oxides (including Sc203 and Y203) and rare earth oxide-
containing oxides (including rare earth silicates), NZP family ceramics, and
combinations thereof. Another aspect of the present application contempiates that the
bond coat is doped with at least one of an alkali metal oxide and an alkali earth metal
oxide. Another aspact of the present application contemplates including a silica scale
- having gaps in the continuous network structure of the silica scale. Another aspect of
the present application contemplates that the bond coat is adhered to the substrate.
Another aspect of the present application contemplates forming & second bond coat
between the substrate and the bond coat, wherein the second bond coeat is selected
from the group consisting of silicon, metal silicides and combinations thereof. Another
aspect of the present application contemplates a top coat over said bond coat. Another
aspect of the present application contemplates that top coat is selected from the group
consisting of BSAS, HfTiO4, HfO»2, RE2SiOs, RE2Sk07, RE203, RE203-Zr0O,, REZOz-
HfO2, and combinations thereof. Another aspect of the present application
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26. The method of clainR4, which further includes
formng a chem cal barrier between the bond coat and
the top coat. 27. The nethod of claim26, wherein

5 cal barrier is selected fromthe g —
we g %gng Of HESi O, RE2SI 05, and RE2Si 207 GHySINT0N4sSS

conbi nations thereof. 28. The nmethod of claim 20,
wherein the silicon containing substrate is defined
by a silicon containing ceramc. 29. The nethod of
claim 20, wherein the silicon containing substrate is
defined by a reinforced silicon containing ceramc
matrix. 30. The nmethod of claim 20, wherein the
silicon containing substrate is defined by a silicon

conter&ﬁ!@ = eﬁlﬂ‘ﬁréfgtﬁ%l nﬁéél%mer%@twé@?th’éﬁlbﬁ %gapéncﬁihé' HBnaQ:.oat

con cont al ni ng su bstrate I s defined
Anothdatyaspectaobtha presant applisstion contemplates thatdheichemiaal parier is

selectgﬁgg ég gé%nfég?rhs-gs ngfth}gcpP‘C Etcbf(') ﬁg %%%Iézt 7 g{ng;cbhﬁﬁnatlons

bon
thereo\f\hAh@mer aap@bt@fem pregentapplidation d::mtenmpimmmat the toindatoat is

adher%q(ii%(s I}Qegsé&g]ratgwn@ggw l?wkr@rfrﬁé cs,:qs| q e%o%gggearnsald k8hd coat; and
wherein the content of the second phase oxide is within the range of 1 wi. % to 30 wt.
%.

Another form of the present application contemplates an apparatus comprising:
a silicon containing substrate having a surface; and  a composite mullite bond coat
applied over said surface, said bond coat including a second phase oxide and doped
with an alkali material or an alkali earth material. Ancther aspect of the present
application contemplates that the apparatus is a gas turbine engine component.
Another aspect of present application contemplates that the gas turbine engine
component is selected from the group conéisting of a combustor liner, blade, vane and
blade track.

Ancther form of the present application contemplates an apparatus comprising: a
silicon containing substrate having a surface; and a composite mullite bond coat
including BSAS and another distinct second phase oxide applied over said surface.
Another aspect of the present application contemplates that the another second phase
oxide is selected from the group consisting of oxides, doped oxides and oxide
compeunds of transition metals and rare earth elements. Another aspect of the present
appiication confemplates that the another second phase oxide is selected from the
group consisting of Ta>0s and Ta,0Os-containing oxides, Nb20s and Nb.Os-containing
oxides, VO, and VO.-containing oxides, TiOz and TiO;z-containing oxides, ZrO; and
ZrO»-containing oxides, HfQ, and HfO,-containing oxides, (RE) rare earth oxides
(including Sc;03 and Y20s,) and (RE) rare earth oxide-containing oxides (including rare
earth silicates), NZP family ceramics, and combinations thereof. Another aspect of the

present application contemplates that the bond coat is doped with at least one of an
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whi ch further includes doping the bond coat with a
dopant having a content greater than 0.0 wt % and
|l ess than 10 wt. % wherein the al kali netal oxide or

LkBlbsSATth nmetal oxide in the silica scalg,
W?"‘omot%e dopant. 33. A nmethod conpri sing subﬁgg%ﬁlg]ﬁ“ﬁ

a silicon containing substrate coated with a nullite
bond coat doped with an at |east one of an al kal i
nmetal and an alkali earth netal to an environnment
suitable for growng a silica scale with gaps in the
structure of the silica scale. 34. The nmethod of
claim 33, which further includes adhering the bond
coat to the substrate; wherein the dopant is

alkali Wetdlioxide drange alkali\waeh nietd! mtide. anaticeridspect\of. thétprevent

appicin RotESte LOSAOES L ALCchcL 00, ot eet G Chot oxce

and ah '&“&h@&ﬁh&héﬂaPéxnaé 2lapiotheP aspd¥t cRBRAprRIEAL SENRATISH dStShtempIates
a silicon containing substrate having a surface

Includingnaitar eeatisypusaidPondspat Anathenasnackal ﬁheriﬁ%?ﬂtéﬂpptb?aﬂf’"
conter‘rﬁg a@é%ﬂ'tla'(t) r‘FeB{ Pgboréﬂsegék?éte@ﬂgnﬂﬂglg'r&?p BYistiy dFCBEASAHSTION,
HfOs,, REzS|05, REgS|207. RE>Q;, RE;03-Zr0s, REZ0;-HfO,, and combinations thereof,
Another aspect of the present application contemplates applying a chemical barrier
between the top coat and the bond coat. Another aspect of the present application
contemplates that the chemical barrier is selected from the group consisting of HfSiO,,
RE;Si0Os, and RESi;07 and combinations thereof. 7

Another form of the present application contemplates an apparatus comprising.
a substrate having a surface; and a composite mullite bond coat including BSAS and
another distinct second phase oxide applied over said surface. Another aspect of the
present application contemplates that the bond coat is doped with at least one of an
alkaii metal oxide and an aikali earth metal oxide. Another aspect of the present
application contemplates that the bond coat is doped with both an alkali metal oxide
and an alkali earth metal oxide. Another aspect of the present application contemplates
including a top coat over said bond coat. Ancther aspect of the present application
contemplates that the top coat is selected from the group consisting of BSAS, HfTiOs,,
HfO;, RELSIOs, RE;Si:07, RE;O5, RE03-Zr0:, RE20:-HFO,, and combinations thereof.
Another aspect of the present application contemplates applying a chemical barrier
between the top coat and the bond coat. Another aspect of the present application
contemplates that the chemical barrier is selected from the group consisting of HfSiO4,
RE,SiOs, and RE2S1;07 and combinations thereof,

Another form of the present application contemplates an apparatus comprising:
a substrate having a surface; and a composite mullite bond coat applied over said
surface, said bond coat including a second phase oxide and doped with an alkali

material or an alkali earth material.
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wherein the content in the dopant in the bond coat is
nore than zero wt. % and less than 10 wt. % 36. The
apparatus of claim35, wherein the alkali material is

metal oxide and the alkali earth _
W‘ng"’g}ﬂg" 2kaI| earth netal oxide. 37. The aggtéﬁ}%?‘ﬁ?"”“ﬁ

of claim 35, wherein the content in the dopant in the
bond coat is within the range of 0.1 w. %to 5 w.

% 38. The apparatus of claim 35, which further
includes a silica scale on at |least a portion of the
surface; and wherein the silica scal e includes gaps
in the continuous network structure of the silica
scale. 39. The apparatus of claim 38, wherein at

| Restherdoen of thepreskst Appieiiiin @ﬁtéiﬂf)lﬁftﬁ; &na b&%kUS comprising: a
earth nmetal oxide pass into the silica sc
substrate having a surface; and a muliite bond coat doped with an aikah material or an

alkali earth material and applied over at least a portion of said surface.

‘Another form of the present application contemplates an apparatus comprising:
a substrate having a surface; and a composite mullite bond coat including a second
phase oxide other than BSAS applied over said surface.

While the invention has been illustrated and described in detail in the drawings

and foregoing description, the same is to be considered illustrative and not restrictive in
character, it being -understood that only selected embodiments have been shown and
described and that all changes, equivalents, and modifications that come within the
scope of the inventions described herein or defined by the following claims are desired
to be protected. Any experiments, experimental examples, or experimental results
provided herein are infended to be illustrative of the present invention and should not
be construed to limit or restrict the invention scope. Further, any theory, mechanism of
operation, proof, or finding stated herein is meant to further enhance understanding of
the present invention and is not intended to fimit the present invention in-any way o
such theory, mechanism of operation, proof, or finding. In reading the claims, words
such as "a", "an”, "at least on", and "at least a portion" are not intended to limit the
claims to only one item unless specifically stated to the contrary. Further, when the
language "at least a portion” and/or "a portion” is used, the claims may include a portion
and/or the entire item unless specifically stated to the contrary. Any patent application,

publication or patent listed in this document is incorporated herein in its entirety.
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40. The apparatus of claim 35, wherein the bond coat
is adhered to the substrate; which further includes a
top coat over the bond coat. 41. The apparatus of
claim35, wherein the top coat is selected fromthe
group consi sting of BSAS, Hf Ti O4, H 02, RE2S105,
RE2Si 207, RE203, RE203-Zr02, RE20 Hf 02, and
CLAIMD Db nati ons thereof. 42. The apparatus of clai m 40,
whi ch further includes a chem cal barrier |ocated
between the top coat and the bond coat. 43. The
g ara s of. claim42, wherein the chem cal barrier
Q§W°FF9n1the group consisting of HfSiat,

g% boﬂ ﬁgf&%gg nﬁl@@e 8@%’%.86’& t §|nan%[:E§lFate 44.

para US o ereln e si'l1con

%Hﬁrﬂg RidRa gaétornagﬁeasﬁa asﬂt.s%emefsmemat@e group

consi tlng 0] licon contalnlng ceram c, reinforced

Sihirb @ RhgCA Rk BhEBf SEAIRAN BeBPdidasamalkbi earth ietal oxide into
containing netal alloy and carbon fiber reinforced

the silih kt&l@mrgar bi de matrix conposite. 45. The apparatus
of claim 35, wherein the content in the dopant in the
bensteindabaitd sntraaiueing tieenatdeash one of 86 allvdli ekt oxitieand en alkali
w. % which further includes a silica scale on at

earth metaboxide poné¢ from thé bohdceal ghd weerein the content of the at least one of an

alkali metal oxide and an alkali earth metal oxide in the bond coat is more than zero wt. %

and less than 10 wi. %.
2. The method of claim 1, wherein the content of the at least one of an alkali metal

oxide and an alkali earth metal oxide in the bond coat is within the range of 0.1 wt. % to 5 wi.

%.
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wherein the silica scale includes gaps in the

conti nuous network structure of the silica scale;
wherein at | east one of an alkali netal oxide and an
al kali earth nmetal oxide are passed into the silica
scal e; wherein the bond coat is adhered to the
substrate; and which further includes a top coat over
the bond coat; 46. An apparatus conprising: a silicon

5 O Bk L ORI BRI 2 g pongalipetveer
the su%)é{ra % a%tdqger b(t)rg]ea cr;]oal?,sw%%rg‘xﬁ Fﬁ']é seedco% Bond Q(I)eq issgetléé&? from the group

consisting of silicon, metal silicides and combinations thereof.

4. The method of claim 1, which further includes forming gaps in the continuous

network structure of the silica.

5. The method of claim 1, wherein said forming adhering the bond coat to the substrate.
6. The method of claim 1, which further includes applying a top coat over the bond coat.
7. The method of claim 6, wherein the top coat is selected from the group consisting of

BSAS, HfTiOs, HfO,, RE;SiOs, RE;Si,07, RE;O3, REO5-Zr0,, RE,O; - HFO,, and

combinations thereof.

8. The method of claim 6, which further includes applying a chemical barrier between

the top coat and the bond coat.

0. The method of claim 8, wherein the chemical barrier is selected from the group

consisting of HfSiO,, RE,SiOs, and RE;Si,O; and combinations thereof.

10. The method of claim 8, wherein the chemical barrier is a discrete layer.
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wherein the content of the second phase oxide is

wthin the range of O wt. %to 50 wt. % 47. The

apparatus of claim46, wherein the second phase oxide

conpri ses an oxi de having a Young's nodul us between

110 GPa and 130 GPa, inclusive. 48. The apparatus of

cl aim 46, wherein the content of the second phase

ogidehis within the range of 1 wt. %to 30 wt. %

49. The appar.atus of .claim46, wherein th 2C .
M. iR BEORE SarBeriad s Mo B0 e bsRd EEf e win the
bond oxj des, doped oxi des and oxi de conpounds of

®Fansition metals and rare earth el enents.

12. The method of claim 8, wherein the chemical barrier is a mechanical mixture with the

top coat.

13. The method of claim 1, wherein the at least one of an alkali metal oxide and an alkali

earth metal oxide is from a dopant in the bond coat.

14. The method of claim 13, wherein the dopant has an initial content of greater than 0.0

wt % and less than 10 wt. %.

15. The method of claim 13, wherein the dopant has an initial content of greater than 0.1

wt % and less than/or equal to 5.0wt. %.

16. The method of claim 1, wherein the at least one of an alkali metal oxide and an alkali

earth metal oxide is selected from the group consisting of Li,O and NazO.

17. The method of claim 1, which further includes forming gaps in the continuous

network structure of the silica;
which further includes applying a top coat over the bond coat;

wherein the at least one of an alkali metal oxide and an alkali earth metal oxide is

from a dopant in the bond coat.

18. The method of claim 17, wherein the dopant has a content of greater than 0.1 wt %

and less than/or equal to 5.0wt. %.
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50. The apparatus of claim46, wherein the second
phase oxide is selected fromthe group consisting of
Ta205 and Ta205 -contai ni ng oxi des, Nb205 and Nb205
-cont ai ni ng oxi des, V02 and VO02-contai ni ng oxi des,
Ti2 and Ti Q2 -contai ning oxides, Zr02 and Zr02-
cont ai ni ng oxi des, Hf 02 and Hf 02- contai ni ng oxi des
19. r dhe methechoisiainey. PhAEINGP scst outaiging Swﬁaew'%ﬁdé‘mm the
earth oxi de-contai ni ng Oxi desE_&Orc udi ng r

9fOUPsqqr'ﬁ@féﬁge%f)s"'CRIZPOFF"QWW%PEE%‘FIQHP il C@@rr-‘rﬂ“%énm%ﬁ%r aimic matrix

at us, of
compiyicg. Sisan PEALHER BT SR BRE om0 Sy parbe matrx
com {? oxi de and an al kali earth nmetal oxide.. 52. The
Pgﬂ aratus of claim51, which further includes a
silica scale having gaps in the continuous network

st ructure of the silica scale. 53. The apparatus of

20. al,6mAa8 gligh-n the bond coat is adhered to the
%strat 30%541% The apparatus of claim46, which

f @[JEJE@Jngl dGlideAeoniiiing Sdhstaeavad viorwberbdodd tHcwamg mullite to
t he-'substrate and the bond coat, wherein the second

an enbiggiingin atitdite Dajaaeé adilits ecalé ttefogn ouphe sutsstrats; agd of
silicon, nmetal silicides and conbi nati ons thereof.
5oreafihg gappiartiad centinfiond metwprAGtrushiredf thestitescdleic| udes
a top coat over- said bond coat. 56. The apparatus of
¢ Mdzerairs Said wheating includes thspnicesictiprs ofhaitiz ap @HFEF) metalokide and an
group consisting of BSAS, Hf Tiat, Hf 02, RE2Si 05,
alkali REttSITEtA OXHE UG thergiinaicalen2, RE203- HF 02, and

conmbi nations thereof. 57. The apparatus of clai m 55,
whi ch further includes applying a chemi cal barrier

b?’ke me hoJ1 of c r% 58 hlc%n%rther inc udnes ad%er:ng the bond coat to the

substrate.

| 22. The method of claim 21, which further includes doping the bond coat with a dopant

having a content greater than 0.0 wt % and less than 10 wt. %.

23. The method of claim 22, wherein the dopant is selected from the group consisting of

alkali rhetal oxide, alkali earth metal oxide, Li, Be, Na, Mg, K, Ca, Sr, and Ba.

24, The method of claim 23, wherein the dopant is selected from the group consisting of

Li,O, BeO, Na,0, MgO, K,0, Ca0, SrO, BaO and combinations thereof.
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58. The apparatus of claim57, wherein the chem ca
barrier is selected fromthe group consisting of
Hf Si 04, RE2Si 05, and RE2Si 207 and conbi nati ons
t hereof 59. The apparatus of claim46, wherein the
bond coat is adhered to the substrate; which further
i ncludes a top coat over said bond coat; and wherein
the content of the second phase oxide is within the
range of 1 wt. %to 30 wt. % An appar at us
25. ¢ EEh@ me§1ngaf cigingi21; wigh MWF—‘&!”F#EUHQS Ewmaaﬁwﬁﬁ@mb%ﬁt between
urf ace; onposite ite bond c
the quﬁféﬁlifa @nd &WG it WARETR B1° $c2hd H%JQJ "iﬂﬁ%{*gfaom the group

consiq;iag&fgi plied, oyer said sur. erein the

ety Sligtos mrhoBHRHARRS tharset vt al oxi do
a\rt]vﬂicﬁ?urﬁ*uer mc\udgg Efa;r)]lylng a%op céét%?lér the bond coat.

26. The method of claim24, which further includes forming a chemical barrier between

the bond coat and the top coat.

27.  The method of claim 26, wherein the chemical barrier is selected from the group

consisting Of HfSiO,, RE,SiOs, and RE;Si;O; and combinations thereof.

28.  The method of claim 20, wherein the silicon containing substrate is defined by a

silicon containing ceramic.

29.  The method of claim 20, wherein the silicon containing substrate is defined by a

reinforced silicon containing ceramic matrix.

30. The method of claim 20, wherein the silicon containing substrate is defined by a

silicon containing metal alloy.

31. The method of claim 20, wherein the silicon containing substrate is defined by a

carbon fiber reinforced silicon carbide matrix composite.

32. The method of claim 20, which further includes adhering the bond coat to the

substrate;

wherein said creating includes the introduction of at least one of an alkali metal oxide

and an alkali earth metal oxide into the silica scale;

33



61. The apparatus of claim60, wherein the another
second phase oxide is selected fromthe group
consi sting of oxides, doped oxides and oxi de
conmpounds of transition netals and rare earth
el ements. 62. The apparatus of claim®61l, wherein the
anot her second phase oxide is selected fromthe group
- cwhish $uriheg incfudga 208na the rageeat wihha €PrANt §2¥Re asentent greater
Nb205 and Nb205- contai ni ng oxi des, V02 and V02
than 0.Gwh¥eandi e than dewvt. %i wperaldheralall metshoxifs ohglkalkpytiymetal
~ Zr02 and Zr02- contajning oxides, H 02 and
oxide rthe shiembeala beins HRMIBR dokalile eart h oxi des (i ncl udi ng
SC203 and Y203) and rare earth oxi de-contai ni ng
oxides (including rare earth silicates), NZP famly

T
bond égia& g?ﬁéde\!gﬁfﬁrﬁ @?%ﬁ%&e%ﬁaﬁ%l&%ﬂbeﬁ%ﬁ& aR%IKE4R 8RN n2Bal to an

oxi de. e apparatus of claim

iroRfy licBiefl §rB%ing 'Glidad@alcavithQfaps ARthe RYBEILFRbTEhE Qiéh scale.
envwocog{ﬂ."@lt‘ége Théer apr)lgar atI us ofe cII al r% 64, wherein the top

coat is selected fromthe group consisting of BSAS,
Hf Ti O4, Hf 02, RE2Si 05, RE2Si 207, RE203, RE203 -Zr 02,
34. RERORretttddQR clain @30whibh Aatheoinslutibeadiefing tigsborthmat to the
apparatus of claim 64, which further includes _
substragpl yi ng a chemical barrier between the top coat and
the bond coat. 67. The apparatus of claim 66,
wivbereimthe ldepatténwithin alyange betwien 8.8|vicYeetnd TPt Hie; and
group consisting of Hf SiO4, RE2Si 05, and RE2Si 207 and
cwhish fiurthes insludpe intpucing at least one of alkali metal oxide and an alkali

earth metal oxide into the silica scale; ,

35. An apparatus comprising:
a silicon containing substrate having a surface; and
a mullite bond coat doped with an alkali material or an alkali earth material and

applied over at least a portion of said surface,

wherein the content in the dopant in the bond coat is more than zero wi. % and less

than 10 wt. %.

36. The apparatus of claim 35, wherein the alkali material is an alkali metal oxide and the

alkali earth material is an alkali earth metal oxide.
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68. An apparatus conprising: a substrate having a

surface; and a conposite nmulfite bond coat
i ncl uding BSAS and anot her distinct second phase
oxi de applied over said surface, wherein the

bond coat is doped with both an al kali netal oxide

and an alkali earth netal oxide. 69. The apparat us
37. OfhecaprianateS8of cikiey 35, wherein therrentephin the desgaigh e hongcoat is
~least one of an alkali netal oxide and an al kal i
within gerrangeret Gl Wk 5 Wt78. The apparatus of clai m 68,

whi ch further includes a top coat over said bond

coat. 71. The apparatus of claim 70, wherein the top

o CHR R S SR gl 89652 porer
of the SRLIIE a%f:é? %ﬁdlf 02, and conbi nati ons thereof.

wherein the silica scale includes gaps in the continuous network structure of the silica

scale.

39. The apparatus of claim 38, wherein at least one of an alkali metal oxide and an alkali

earth metal oxide pass into the silica scale.

40. The apparatus of claim 35, wherein the bond coat is adhered to the substrate;

which further includes a top coat over the bond coat.

41. The apparatus of claim 35, wherein the top coat is selected from the group consisting
of BSAS, HfTIO4, HfOz, REzsiO{,, RE28i207, RE203, RE203 "ZfOz, RE203" HfOZ, and

combinations thereof.

42. The apparatus of claim 40, which further includes a chemical barrier located between

the top coat and the bond coat.

43. The apparatus of claim 42, wherein the chemical barrier is selected from the group

consisting of HfSiO,, RE,SiOs, and RE2Si;07 and combinations thereof.

44, The appallatus of claim 35, wherein the silicon containing substrate is selected from
the group consisting of silicon containing ceramic, reinforced silicon containing ceramic

matrix composites, silicon containing metal alloy and carbon fiber reinforced silicon carbide

matrix composite.
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72. The apparatus of claim 70, which further includes
applying a chemcal barrier between the top coat and
the bond coat. 73. The apparatus of claim 72,
wherein the chem cal barrier is selected fromthe
group consisting O HfSiat, RE2SI 05, and RE2Si 207 and
conbi nati ons t her eof 74. The apparatus of any one

of cl ai ns 56, 65 and 71, wherein the content of -
45. Rﬁ?@@PPWaﬁEﬂﬁSbﬂ“ 89, WiRieiRERERYETH N the deperd 1 thgpopd coat is

mol % and | an 20 75. The apparatus of any
moreé'??é'%?rwa(g S“E%”(g‘gl z;;ﬁd 71, wherein the content

R RE203- Zr 02 thin th
i Bindy b s Glrragn,on o whsth B6rka ofhb dufadd>
f .
el B 20 e PR AR 0 i
in said |ntroducing the at |east one alkali netal -
oxi de and an alkali earth netal oxide is selected

f rvﬂfél’énli‘ &t 1858 RSP AS bikbii A8t bxibie 3Rd aPafkali Eﬁﬂpmef\@@lde are
CaO Sr0, BaO and conbi nati ons thereof.

passéaehﬁgﬂe@ﬁ.cgls@m@ 1, wherein the bond coat i ncl udes a
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46. An apparatus comprising:

a silicon containing substrate having a surface; and

a composite mullite bond boat including a‘s‘éc'ond phase oxide other than BSAS
applied over said surface,

wherein the content of the second phase oxide is within the range of 0 wt. % to 50 wt. %.

47, The apparatus of claim 46, wherein the second phase oxide comprises an oxide

having é Young's modulus between 110 GPa and 130 GPa, inclusive.

48. The apparatus of claim 46, wherein the content of the second phase oxide is within the

range of 1 wt. % to 30 wt. %.
49, The apparatus of claim 46, wherein the second phase oxide is selected from the group

consisting of oxides, doped oxides and oxide compounds of transition metals and rare earth

elements.
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50. The abpa‘ratus of claim 46, wherein the second phase oxide is selected from the
group consisting of Ta,0s and Ta,Os -containing oxides, Nb,Os and Nb,Os ~containing
oxides, VO, and VO, -containing oxides, TiO, and TiO, -containing oxides, ZrO, and ZrO, -
containing oxides, HfO, and HfO, - containing oxides, rare earth oxides (including Sc.0; and
Y,0s) and rare earth oxide-containing oxides (including rare earth silicates), NZP family

ceramics, and combinations thereof.

51. The épparatus of claim 46, wherein the bond coat is doped with at least one of an

alkali metal oxide and an alkali earth metal oxide.

52. The apparatus of claim 51, which further includes a silica scale having gaps in the

continuous network structure of the silica scale.

53. The apparatus of claim 46, wherein the bond coat is adhered to the substrate.

54, The apparatus of claim 46, which further includes forming a second bond coat
between the substrate and the bond coat, wherein the second bond coat is selected from the
group consisting of silicon, metal silicides and combinations thereof.

55. The apparatus of claim 46, which further includes a top coat over said bond coat.

56. The apparatus of claim 55, wherein the top coat is selected from the group consisting
of BSAS, HfTiO,, HfO,, RE,SiOs, RE-Si-0;, RE,O3, RE2O3-ZrO;, RE;O3- HIO,, and

combinations thereof.

57. The apparatus of claim 55, which further includes applying a chemical barrier

~ between the top coat and the bond coat.

37



58. The apparatus of claim 57, wherein the chemical barrier is selected from the group

consisting of HfSiO,, RE,SiOs, and RE;Si;O; and combinations thereof.

59. The apparatus of claim 46, wherein the bond coat is adhered to the substrate;
which further includes a top coat over said bond coat; and

wherein the content of the second phase oxide is within the range of 1 wt. % to 30 wt. %.

60.  An apparatus comprising:

a silicon containing substrate having a surface; and

a composite mullite bond coat including BSAS and another distinct second phase
oxide applied over said surface,

wherein the bond coat is doped with both an alkali metal oxide and an alkali earth

metal oxide.
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61. The apparatus of claim 80, wherein the another second phase oxide is selected from
the group consisting of oxides, doped oxides and oxide compounds of transition metals and

rare earth elements.

62. The apparatus of claim 61, wherein the another second phase oxide is selected from
the group consisting of Tazds and Ta,Os -containing oxides, Nb;Os and'NbZOg,- containing
oxides, VO, and VO, -containing oxides, TiO, and TiO, - containing oxides, ZrO, and ZrO,-
contain'ing oxides; HfO, and HfO, -containing oxides, rare earth oxides (including SC,0; and
Y.0s) and rare earth oxide-containing oxides (including rare earth silicates), NZP family

ceramics, and combinations thereof.

63.  The apparatus of claim 60, wherein the bond coat is doped with at least one of an

alkali metal oxide and an alkali earth metal oxide.

64. The apparatus of claim 60, which further includes a top coat over said bond coat.

65. The apparatus of claim 84, wherein the top coat is selected from the group consisting
of BSAS, HfTiO,, HfO,, RE,SiOs, RE;Si;0+, RE203, RE0;-Zr0;, RE0s5 - HO,, and

combinations thereof.

66. The apparatus of claim 64, which further includes applying a chemical barrier

between the top coat and the bond coat.

67. The apparatus of claim 66, wherein the chemical barrier is selected from the group

consisting of HfSIO,, RE>SiOs, and RE,Si,O; and combinations thereof.
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68.  An apparatus compkising:
a substrate having a surface; and

a composite mullite bond coat including BSAS and another distinct second phase

oxide applied over said surface,

wherein the bond coat is doped with both an alkali metal oxide and an alkali earth

metal oxide.

69. The apparatus of claim 68, wherein the bond coat is doped with at least one of an

alkali metal oxide and an alkali earth metal oxide.

70. The apparatus of claim 68, which further includes a top coat over said bond coat.

71. The apparatus of claim 70, wherein the top coat is selected from the group consisting
of BSAS, Hﬂ-|04, HfOZ, RE28i05, REZS]QO?, RE203, RE203 -ZI'Oz, RE203- HfOZ, and

combinations thereof.

72. The apparatus of claim 70, which further includes applying a chemical barrier

between the top coat and the bond coat.

73. - The apparatus of claim 72, wherein the chemical barrier is selected from the group

consisting Of HfSiO., RE2SiOs, and RE»Si>O; and combinations thereof.
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74. The apparatus of any one of claims 41, 56, 65 and 71, wherein the content of RE;Os3

in RE,O;-Zr0, and RE,QO3 -HfO, is more than 1 mol% and less than 20 mol%.

75. The apparatus of any one of claims 41, 56, 65 and 71, wherein the content of RE2O;

in RE>Q;-ZrO, and RE,O; -HfO; is within the range of 4 moi% - 10 mol%.

76. The apparatus of any one of claims 35 to 74, wherein the bond coat further includes

silicon.

77. The method of claim 1, wherein in said introducing the at least one alkali metal oxide
and an alkali earth metal oxide is selected from the group consisting of Li,O, BeQ, Na,0,

MgO, K;0, Ca0, SrO, BaO and combinations thereof.
78. The method of claim 1, wherein the bond coat includes a dopant in a metallic form,

wherein the dopant is selected from the group consisting of Li, Be, Na, Mg, K, Ca, Sr, and

Ba and combinations thereof.
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